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ABSTRACT 
 
The host defense in invertebrates including shrimp lack an adaptive immune system 
and is believed to rely solely on multiple innate defense reactions to fight against invading 
pathogen. Moreover, their innate defense reactions are triggered by bacterial and fungal 
cell wall components such as lipopolysaccharides, peptidoglycan (PG) and β-glucans. The 
basic knowledge of shrimp immunity at molecular level is important to develop the 
strategies to prevent and control shrimp diseases. To date, many genes involved in the 
shrimp immune system have been isolated and characterized. However, there is still a lack 
of information on the differential expression of immune-related genes in respond to 
immunostimulant. Therefore, the first study was done to study the differential gene 
expression profile in the hepatopancreas of kuruma shrimp Marsupenaeus japonicus after 
immunostimulation. For the second and third studies, the immune-related genes that were 
identified from the first study were further characterized. In addition, heat shock proteins, 
ubiquitous proteins that cope with stress-induced denaturation of client proteins in diverse 
organisms, were also studied in the fourth study in order to understand the stress responses 
of shrimp. 
In the first study, 5’-end serial analysis of gene expression (5’ SAGE), a 
transcriptome-profiling technique that allows accurate gene expression profiles to be 
generated without any need for prior knowledge, was adopted to study the differential gene 
expression profile in the hepatopancreas of kuruma shrimp after PG stimulation. Before the 
5’ SAGE libraries were constructed, the effectiveness of PG was investigated. The total 
hemocyte count (THC) results indicated that PG can enhance immune capability of shrimp 
at day 1 post-stimulation, so the hepatopancreas of control and PG-injected shrimp at day 1 
post-stimulation were used for the 5’ SAGE library construction. A total of 2,402 tag 
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sequences containing 1,134 tags from the control library and 1,268 tags from the PG-
stimulated library were determined. Among these sequences, 1,020 tags were unique. By 
comparing the unique tags from both libraries, 8 differentially expressed tags were 
identified. Reverse transcriptase-PCR (RT-PCR) was performed and confirmed their 
expression profiles. Our results showed that the expression of chymotrypsin-like serine 
protease, NADH dehydrogenase subunit 2 and ribosomal protein S3Ae increased after PG 
stimulation.  
In the second study, chymotrypsin-like serine protease (Mj-chy) was cloned and 
characterized. The transcript of Mj-chy consists of a 816-nucleotide of open reading frame 
(ORF) encoding 271 amino acids, including a signal peptide of 17 amino acids and a 
trypsin-like serine protease domain of 219 amino acids. Like most serine proteases, Mj-chy 
has a catalytic triad consisting of histidine, aspartic acid and serine, and six cysteine 
residues forming three disulfide bridges. In a phylogenetic analysis, the trypsin-like serine 
protease domain clustered with invertebrate chymotrypsins and was closely related to 
chymotrypsin-like serine protease from Chinese shrimp Fenneropenaeus chinensis and 
chymotrypsin BI from Pacific white shrimp Litopenaeus vannamei. Mj-chy was detected in 
the hepatopancreas, stomach and intestine, and exhibited increased expression in defense-
related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) after PG stimulation.  
In the third study, leucine-rich repeat-containing protein (MjLRR) was cloned and 
characterized. The transcript of MjLRR consists of 2,602 bp with a 1,215-bp of ORF 
encoding 404 amino acids. The deduced protein contains a high proportion of leucine 
residues (16%) and had significant homology to LRR-containing proteins from arthropods 
to humans. Thirteen tandem LRR motifs of 21-24 amino acids in length occurred in the 
primary sequence. In a phylogenetic analysis, the peptides clustered with invertebrates 
LRR-containing proteins and were closely related to black tiger shrimp Penaeus monodon 
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LRR protein. MjLRR was highly expressed in hemocytes, heart, lymphoid organ and 
hepatopancreas. Moreover, our results showed that after PG stimulation, MjLRR exhibited 
increased expression in defense-related tissues (i.e., hemocytes, lymphoid organ and 
hepatopancreas), whereas after white spot syndrome virus (WSSV) challenge, MjLRR 
exhibited decreased expression in defense-related tissues.  
In the fourth study, heat shock protein 40 (MjHSP40), 70 (MjHSP70) and 90 
(MjHSP90) were cloned and characterized. The full-length complementary DNAs 
(cDNAs) of heat shock protein 40 (MjHSP40), 70 (MjHSP70) and 90 (MjHSP90) were 
cloned from kuruma shrimp Marsupenaeus japonicus. The cDNA clones are 1,191-, 1,959- 
and 2,172-bp of ORFs, respectively. The ORFs encode 396-, 652- and 723-amino acid 
residues, respectively. A J domain, a glycine/phynylalanine-rich region and a central 
domain containing four repeat of a CxxCxGxG motif were found in the predicted 
MjHSP40 amino acid sequence; we therefore, classified it as a type I HSP40 homolog. The 
conserved signature sequences of HSP70 and HSP90 gene families were also found in the 
MjHSP70 and MjHSP90 amino acid sequences. The deduced amino acid sequences of 
MjHSP70 and MjHSP90 shared high identity with previously reported shrimp HSP70s and 
HSP90s, respectively. The expression of MjHSP90 messenger RNA (mRNA) increased at 
32oC. Additionally, MjHSP40, MjHSP70 and MjHSP90 mRNAs exhibited increased 
expression in defense-related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) 
when shrimps were challenged by WSSV. 
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CHAPTER 1 
_________________________________________________________________________ 
Introduction 
1.1 Aquaculture 
Capture fisheries and aquaculture supplied the world with about 110 million tonnes 
of food fish in 2006, providing an apparent per capita supply of 16.7 kg (live weight 
equivalent), which is among the highest on record (Fig. 1). Of this total, aquaculture 
accounted for 47 %. Outside China, per capita supply has shown a modest growth rate of 
about 0.5 % per year since 1992 (following a decline from 1987), as growth in supply from 
aquaculture more than offset the effects of static capture fishery production and a rising 
population (Fig. 1). In 2006, per capita food fish supply was estimated at 13.6 kg if data for 
China are excluded. Overall, fish provided more than 2.9 billion people with at least 15 % 
of their average per capita animal protein intake. The share of fish proteins in total world 
animal protein supplies grew from 14.9 % in 1992 to a peak of 16.0 % in 1996, declining 
to about 15.3 % in 2005 (FAO, 2009). 
 
 
Fig. 1 World capture and aquaculture production (FAO, 2009) 
 
Year 
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 One of the fastest growing aquaculture production sectors is that of shrimp. The 
world’s production of shrimp, captured and farmed, is approximately 6 million tonnes, 
about 60 % of which is traded internationally (Fig. 2). Annual exports of shrimp are 
currently worth more than US$14 billion, or 16 % of all fisheries exports (FAO, 2009). 
This makes it the most important internationally-traded fisheries commodity. However, the 
rapid expanding shrimp industry started to face problems in 1992. Diseases have emerged 
as a major constraint to the sustainable growth of shrimp aquaculture (Ligthner et al., 
1992). Many diseases are linked to environmental deterioration and stress associated with 
farm intensification. Under poor farming conditions, it is often opportunistic diseases 
caused by bacteria, fungi and protozoa that are constant present in the pond environment, 
which cause death of the shrimp. More than 15 viruses have been identified to cause 
diseases in shrimp during the past two decades (Lightner and Redman, 1998). The increase 
of disease problems that have devastated and continue to threaten production of several 
species throughout the world has emphasized the need to develop tools for the rapid 
recognition and control of pathogens. Disease prevention is more important than treatment. 
Studies toward a better understanding of defence mechanisms in shrimp constitute one 
approach to overcome disease problem to be able to optimize culture conditions so that 
good shrimp health is retained. If shrimp is in good health, their immune defenses are also 
more efficient and then disease outbreaks will be less frequent. It appears possible to apple 
existing knowledge about defence mechanisms from other arthropods such as insect, 
horseshoe crab and crayfish, to understand that of shrimp. Finally, an understanding of the 
defence system in invertebrates including shrimp may provide evident of the origin of 
vertebrate immunity and lead to unifying concepts in immunology.  
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 Fig. 2 World production of penaeid shrimp (FAO, 2009) 
 
1.2. Penaeid shrimp biology                                                                                       
Penaeid shrimp belong to the largest phylum in the animal kingdom, the 
Arthropoda. This group of animals is characterized by the presence of paired appendages 
and a protective cuticle or exoskeleton that covers the whole animal. The subphylum 
Crustacea is made up of 42,000, predominantly aquatic, species, that belong to 10 classes. 
Within the class Malacostraca, shrimp, together with crayfish, lobsters and crabs, belong to 
the order Decapoda (Pérez Farfante and Kensley, 1997) (Fig. 3). 
 
  Phylum  Arthropoda 
     Subphylum  Crustacea 
        Class  Malacostraca 
           Order  Decapoda 
              Superfamily  Penaeoidea 
      Family  Penaeidae Rafinesque, 1815 
                    Genus  Marsupenaeus Tirmizi, 1971 
                       Species Marsupenaeus japonicus (Bate, 1888) 
Fig. 3 Taxonomic definition of kuruma shrimp Marsupenaeus japonicus                               
T
ot
al
 p
ro
du
ct
io
n 
(x
 m
ill
io
n 
to
nn
es
) 
Year 
4 
In the external morphology, the exterior of penaeid shrimp is distinguished by a 
cephalothorax with a characteristic hard rostrum and by a segmented abdomen. Most organ 
including gills, digestive system and heart are located in the cephalothorax, whereas the 
muscles concentrate in the abdomen. Appendages of the cephalothorax vary in appearance 
and function. In the head region, antennules and antennae perform sensory functions. The 
mandibles and the two pairs of maxillae form the jaw-like structures that are involved in 
food uptake. In the thorax region, the maxillipeds are the first three pairs of appendages, 
modified for food handling and the remaining five pairs are the walking legs (pereiopods). 
Five pairs of swimming legs (pleopods) are found on the abdomen (Bell and Lightner, 
1988; Baily-Brock and Moss, 1992) (Fig. 4). In the internal morphology, penaeids and 
other arthropods have an open circulatory system and, therefore, the blood and the blood 
cells are called hemolymph and hemocytes, respectively. Crustaceans have muscular heart 
that is dorsally located in the cephalothorax. The valved hemolymph vessels have the heart 
branch several times before the hemolymph arrives at the sinuses that are scattered 
throughout the body, where exchange of substances takes place. After passing the gills, the 
hemolymph returns in the heart by means of three wide non-valved openings (Bauchau, 
1981). A large part of the cephalothorax in penaeid shrimp is occupied by the 
hepatopancreas. This digestive gland consists of diverticula of the intestine. Spaces 
between these hepatopancreatic tubules are hemolymph sinuses. The main functions of the 
hepatopancreas are the absorption of nutrients, storage of lipids and production of digestive 
enzymes (Johnson, 1980). One of the hemolymph vessels that leaves the heart ends in the 
lymphoid organ, where the hemolymph is filtered. This organ is located ventro-anteriorly 
to the hepatopancreas. The hemolymphs are produced in haematopoietic tissue. This organ 
is dispersed in the cephalothorax, but mainly present around the stomach and in the onset 
of the maxillipeds. Lymphoid organ and haematopoietic tissue are not shown in Fig. 4.  
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Fig. 4 Internal and external anatomy of a penaeid shrimp                                                             
(cited from ftp://ftp.fao.org/docrep/fao/005/y1679e/y1679e04.pdf) 
 
The life cycle of penaeid shrimp includes several distinct stages that are found in a 
variety of habitats (Fig. 5). Juvenile prefer brackish shore areas and mangrove estuaries in 
their natural environment. Most of the adults migrate to deeper offshore areas at higher 
salinities, where mating and reproduction take place. Females produce between 50,000 - 
1,000,000 eggs per spawning (Rosenberry, 1997). The eggs hatch into the first larval stage, 
which is the nauplius. The nauplii feed on their reserves for a few days and develop into 
the protozoeae. The protozoeae feed on algae and metamorphose into myses. The myses 
feed on algae and zooplankton and have many of the characteristics of adults shrimp and 
develop into megalopas, the stage commonly called postlarvae (PLs). Larval stages inhibit 
plankton-rich surface waters offshore, with a coastal migration as they develop. 
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 Fig. 5 The life cycle of penaeid shrimp                                                                                 
(cited from http://www.thefishsite.com/articles/611/conflict-within-the-global-shrimp-industry) 
 
Organic compounds in the water stimulate the foraging activity of shrimp. Low 
concentrations of these compounds can be detected by cuticular chemosensory satae that 
are concentrated at the anterior end of the body. Once food is located, postlarval to adult 
shrimp grasp it and pass it to their mouth by using their pereiopods and maxillipeds. 
Shrimp slowly chew on the food by means of their mandibles and maxillae (Baily-Brock 
and Moss, 1992). Shrimp are omnivorous and in the wild they prefer small crabs, mollusks 
and small shrimp and fish (Motoh, 1984). When their food is poor quality and/or scarce, 
they will eat any food and have the tendency to become cannibalistic. In order to enable 
growth, shrimp and all other crustaceans periodically loosen their extracellular cuticle from 
the underlying epidermal layer. The animal then rapidly escapes from this rigid cuticle, 
take up water, which expands the new flexible exoskeleton that subsequently hardens using 
minerals and proteins. This moulting or ecdysis process has several stages, varying in 
number and duration with species, temperature and growth phase. During and immediately 
after moulting, the animals are rather vulnerable to physical damage and pathogens. During 
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intermoult, water is replaces by tissue. It is obvious that this moulting process results in 
discontinuous size increases (Chang, 1992). Ecdysis is a complex process, in which all 
tissues are involved; lipid reserves are mobilized, cell division increases, new protein is 
synthesized and the behavior of the animal changes. 
 
1.3 Shrimp immune response 
All multicellular organisms need to protect themselves from invasion of potentially 
harmful non-self substances. Traditionally, the immune system can be divided into two 
parts, innate and adaptive immunity. Innate immunity is universal and an ancient 
mechanism of all metazoans. The recognition depends on limited number of germ-line 
encoded receptors, which recognize conserved pathogen-associated molecular patterns 
(PAMPs) found in microorganisms. Innate immune responses include phagocytosis, 
complement, antimicrobial peptides and proteinase cascades, which lead to melanization 
and coagulation. Adaptive immunity is a newcomer in the evolutionary scene. It appeared 
about 500 million years ago in vertebrates. Adaptive immunity is mediated by lymphocytes 
(white blood cells) which have evolved to express an enormous array of recombinant 
receptors (antibodies) by somatic gene rearrangement following clonal expansion. 
Adaptive immunity, therefore, can provide specific recognition of an antigen, 
immunological memory of infection and pathogen-specific adaptive proteins (Janeway and 
Medzhitov, 2002; Cooper and Alder, 2006). 
Shrimp like other invertebrates lack true antibodies, and as a consequence they 
have to solely rely on innate immune mechanisms. The innate defence reactions are 
subdivided into physicochemical, humoral and cellular defence mechanisms. The first 
defence barrier is the outer surface of the shrimp, the cuticle. If the invader penetrates 
through this barrier, the humoral and cellular defence system will become activated. 
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Humoral components are often derived from the hemocytes. The humoral defence includes 
efficient and sensitive non-self recognition molecules, a phenoloxidase mediated 
melanization reaction, antimicrobial peptides and hemolymph clotting-coagulation 
reaction. Hemocytes participate also in cellular encapsulation and phagocytosis (Cerenius 
and Söderhäll, 2004). The hemocytes are divides into three morphology different types: 
hyaline, semigranular and granular cells (Söderhäll and Smith, 1983). The hyaline cells are 
small, spherical and contain no or few granules. These cells are involved in phagocytosis. 
The semigranular cells (SGCs) have small granules and take part in encapsulation and they 
can also carry out phagocytosis. The granular cells (GCs) and SGCs store the components 
of the prophenoloxidase (proPO) activating system and are able to cytotoxic reactions as 
well as to synthesize and store antimicrobial peptides and other immune molecules 
(Söderhäll et al., 1985). 
The phagocytosis process, by which cells engulf large particles found in their 
environment, is essential for host defence against infectious microorganisms and for the 
clearance of apoptotic cells generated during development (Aderem and Underhill, 1999). 
This process is initiated by recognition and binding of the target particle to a phagocytic 
cells followed by internalization through actin polymerization-dependent cytoskeleton 
rearrangement and intracellular vascular transport to lysozymes, where the target particle is 
destroyed (Pearson et al., 2003). Encapsulation is a major defensive reaction against 
particles too large to be phagocytosed by individual hemocytes. Several factors including 
production of quinones or hydroquinones via the proPO activating cascade, free radicals 
and antimicrobial peptides have been suggested to function as killing agents (Gillespie et 
al., 1997; Lavine and Strand, 2002; Nappi and Christensen, 2005). Nodulation is 
multicellular haemocytic aggregates, which may entrap a large number of bacteria in an 
extracellular material (Gillespie et al., 1997).          
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The melanization reaction is a rapid immune response in invertebrates observed at 
the site of cuticular injury or on the surface of invading parasites. This melanotic reaction 
results from the synthesis and deposition of melanin mediated by proPO activation 
(Cerenius et al., 2008). The proPO cascade is an efficient nonself-recognition system in 
invertebrates. Which includes several proteins involved in the immune defense resulting in 
melanin production, cell adhesion, encapsulation and phagocytosis triggered by 
recognition of lipopolysaccharide (LPS)/peptidoglycan (PG) form bacteria and β-1,3-
glucan from fungi. proPO is synthesized in the hemocytes and released into plasma by 
exocytosis triggered by pattern recognition proteins (PRPs), such as LPS or/and β-1,3-
glucans binding proteins (LBP, βGBP or LGBP), PG recognition proteins (PGRPs) and 
lectins. After binding the microbial components, PRP molecules induce activation of 
proteinases in the proPO system. Finally, proPO is proeolytically converted into active 
phenoloxidase (PO) by the prophenoloxidase activating enzyme (ppA) (Aspán et al., 
1995), an endogenous trypsin-like serine proteinase. Many proPO sequences have been 
studied from different invertebrates, such as insects, ascidians, mollusks, echinoderms, 
millipedes, bivalves and branchiopods (Cerenius and Söderhäll, 2004), since the first 
primary structure of proPO was identified in crayfish (Aspán et al., 1995). Several ppAs 
and cofactors have been identified from insects: beetle Holotrichia diomphalia, silkworm 
Bombyx mori and tobacco hormworm Manduca sexta (Cerenius and Söderhäll, 2004). 
These proteins all exist as zymogens of typical serine proteinases based on their primary 
structure and are similar to Drosophila serine proteinases involved in the regulation of the 
developing embryo. Other proPO activating factors (masquerade-like serine proteinase 
homologues) have been characterized from the coleopteran insects H. diomphalia and 
Tenebrio molitor, which have no proteinase activity but an essential role in activation of 
the proPO system in these insects (Kwon et al., 2000; Lee et al., 2002; Piao et al., 2005). 
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The primary structures of these proteins show a serine proteinase domain lacking the 
catalytic triad residues necessary for serine proteinase activity similar to the crayfish 
masquerade-like protein PlMasI (Lee and Söderhäll, 2001), a Drosophila masquerade 
protein (Murugasu-Oei et al., 1995), horseshoe crab factor D (Kawabata et al., 1996) and 
mosquito infection-responsive serine proteinase-like protein (ispl5) (Dimopoulos et al., 
1997).   
Blood coagulation is a first line of defense composing a part of the whole 
invertebrate immune system. Clotting is important in reducing hemolymph loss and for 
initiating wound healing in crustaceans. It is also a critical immune defense to form a 
secondary barrier in infection, immobilized bacteria/fungi and hence promote their killing. 
Mechanisms of coagulation have been established based on crayfish (Kopácek et al., 1993; 
Hall et al., 1995; Hall et al., 1999; Wang et al., 2001) and horseshoe crab (Iwanaga et al., 
1992) as models. The clot formation is linked with the release of antimicrobial effectors in 
the horseshoe crab (Iwanaga, 2002; Iwanaga and Lee, 2005). A new study showed that a 
protein stabling promotes the formation of the clotting mesh and the immobilization of 
invading microbes at injury sites (Matsuda et al., 2007). In crustaceans, clotting occurs 
through the polymerization of the clotting protein catalyzed by a Ca2+ ion dependent 
transglutaminase (TGase), which is released from hemocytes upon the stimulation by 
foreign organisms or tissue damage (Hall et al., 1999; Wang et al., 2001). TGase and 
clottable protein have been suggested to be involved in the blood coagulation system of 
many crustaceans, such as shrimp, lobster, freshwater giant prawn and sand crayfish 
(Fuller and Doolittle, 1971; Komatsu and Ando, 1998; Yeh et al., 1998). These clotting 
proteins have similar amino acid composition and N-terminal sequences but no homology 
to horseshoe crab coagulogen. The mortality rate of shrimps after infection of Vibrio 
penaecida and white spot syndrome virus (WSSV) was significantly higher in TGase and 
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clotting protein depleted animals indicating that the essential roles of these two molecules 
in shrimp immune protection against microbial challenges (Maningas et al., 2008).  
Antimicrobial peptides (AMPs) have been shown to be rapidly elicited after 
microbe presentation and be active against many bacterial and/or fungi (Boman, 2000). In 
crustaceans AMPs, the penaeidin and crustin families have been well studied. The 
penaeidin family, identified from both Litopenaeus vannamei and L. setiferus, is a broad-
spectrum AMP family containing a proline-rich N-terminal domain and a C-terminal 
domain with six cysteine residues (Destoumieux et al., 1997, Gross et al., 2001). Recently, 
an increasing number of penaeidin/penaeidin-like AMPs have been studied in various 
species of shrimp (Barracco et al., 2005; Chiou et al., 2005; Chiou et al., 2007; Kang et al., 
2007; Ho and Song, 2009), in which some penaeidins show strong bactericidal activities. 
Genomic structure and transcriptional regulation of the penaeidin gene family were also 
reported from L. vannamei, showing that each penaeidins class is encoded by a unique 
gene and isoform diversity is generated by polymorphism within each penaeidin gene locus 
(O'Leary and Gross, 2006). Over 50 crustin sequences have been reported from a variety of 
decapods including crab, lobster, crayfish and shrimp. These crustins purified as native 
proteins or expressed recombinant are killing Gram-positive bacteria (Smith et al., 2008). 
Some crustins are usually found to be constitutively expressed in hemocytes and the 
expression might be enhanced 2 - 3 times upon bacterial challenge in shrimp and lobster 
(Hauton et al., 2006; Hauton et al., 2007). Other crustin-like putative antibacterial proteins 
were investigated in American lobster Homarus americanus, Chinese shrimp 
Fenneropenaeus chinensis, Brazilian penaeid shrimp Farfantepenaeus paulensis and black 
tiger shrimp Penaeus monodon. Some of these recombinant crustin-like proteins also 
showed strong antibacterial activities against Gram-positive bacteria (Christie et al., 2007; 
Rosa et al., 2007; Zhang et al. 2007a, 2007b; Amparyup et al., 2008). However, gene 
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expression studies have shown that some crustins were constitutively expressed often at 
high levels, but no consistent patterns of change were observed in expression following 
challenge with bacteria. This variable response to infection is enigmatic but indicates that 
these proteins could perform additional functions, perhaps as immune regulators in 
recovery from wounding, trauma or physiological stress (Smith et al., 2008). Recently, 
another well known cationic protein, antilipopolysaccharide factor (ALF) originally 
isolated from horseshoe crab Limulus polyphemus (Aketagawa et al., 1986; Muta et al., 
1987) has also been widely studied in crustaceans. L. polyphemus ALF binds to LPS and 
shows a strong antibacterial activity, especially on the growth of Gram-negative bacteria. 
A shrimp ALF was shown to be effective in protecting animals from Gram-negative 
bacterial infection (Pan et al., 2007). Shrimp ALF was up-regulated in L. vannamei upon 
WSSV challenge (Robalino et al., 2007). Silencing of LvALF1 resulted in a significant 
increase of mortality in L. vannamei by V. penaeicida and Fusarium oxysporum indicating 
that LvALF1 has a role in protecting shrimp from both bacteria and fungal infections but 
not WSSV infection even if it was up-regulated by WSSV infection (de la Vega et al., 
2008). Several studies have reported the molecular cloning, sequencing and expression 
analysis of ALF in various crustaceans (Gross et al., 2001; Supungul et al., 2004; Nagoshi 
et al., 2006; Somboonwiwat et al., 2006; Imjongjirak et al., 2007; Tharntada et al., 2008). 
Further studies revealed that ALFPm3 from P. monodon was shown to have binding 
activity to Gram-negative and Gram-positive bacteria as well as their major cell wall 
component LPS and lipoteichoic acid, respectively, suggested that ALFPm3 executes its 
antibacterial activity via binding to components of the bacterial cell wall (Somboonwiwat 
et al., 2008). Moreover, the recombinant ALFPm3 was able to reduce WSSV propagation 
and prolong the survival of shrimps (Tharntada et al., 2009).          
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1.4 Immunostimulants 
During evolution of animals their immune system has developed mechanisms to 
detect chemical structures which are typical for potentially dangerous microorganisms and 
use those structures as “alarm signals” to switch on the defence against infections. In the 
presence of such chemical signals the immune system will respond as if challenged by a 
pathogenic microbe. Hence, administration of an immunostimulant prior to an infection 
may elevate the defence barriers of the animal and thus provide protection against an 
otherwise severe or lethal infection. Immunostimulants have been proven to be safer than 
chemotherapeutics and their range of efficacy is wider than vaccination (Sakai, 1999). 
Immunostimulants are particularly suitable for booting immature immune systems and 
effective against a number of opportunistic and secondary pathogens. With a detailed 
understanding of the limitations of immunostimulants, they may become powerful tools to 
control diseases. 
 Most immunostimulants are chemical compounds which exist as structural 
elements of bacteria, mycelial fungi and yeasts. However, there are also a couple of purely 
synthetic compounds, originally made for other purposes, which have incidentally been 
found to possess immune-stimulating properties. The chemical nature and mode of action 
of a number of different immune-stimulants have been described in a review paper (Raa, 
1996). They are grouped as: (a) structural elements of bacteria (lipopolysaccarides (LPSs), 
peptidoglycans (PGs), lipopeptides, capsular glycoproteins and muramylpeptides); (b) 
various β-1,3-glucan products from bacteria and mycelial fungi; (c) β-1,3/1,6-glucans from 
the cell wall of baker’s yeast; (d) complex carbohydrate structures (glycans) from various 
biological sources including seaweed; (e) peptides present in extracts of certain animals or 
made by enzymatic hydrolysis of fish protein; (f) nucleotides, and (g) synthetic products. 
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Cell wall preparations of bacteria (e.g., LPSs, PGs, lipopeptides and muramyl 
peptides) are very potent immunostimulants when tested in vitro. However, such products 
may cause severe inflammations and they may be very toxic at concentrations only slightly 
above a “safe” dose. LPSs induce for instance the production of signal molecules 
(cytokines) which reduce appetite and suppress growth of animals. Moreover, bacterial cell 
wall preparations have chemical structures which can not be defined exactly in chemical 
terms and their mode of action on the immune system is unspecific and still obscure. 
Accordingly, such products are therefore not very relevant for use in practice. The β-1,3-
glucans found in mycelial fungi and yeast, differ from immunostimulants of bacterial 
origin in chemical structure and mode of action. β-1,3/1,6-glucans can be defined quite 
accurately in chemical terms and their mode of action on the immune system is very 
specific and has been revealed in great detail, even at the cellular and molecular level. 
Moreover, it has been shown that β-1,3-glucans may improve health, growth and general 
performance of many different animal groups, including farmed shrimp, fish and land 
animals. Since β-1,3-glucans are active also when taken in the feed (or food), there are 
many actual applications of such products within animal nutrition and health, as well as in 
human and veterinary medicine, cosmetics and within the rapidly expanding nutriceutical 
(health promoting food) sector. Immune-stimulating peptides and nucleic acids have in 
recent years been marketed for the aquaculture sector. However, these products have not 
yet much support in published research work and efficacy trials.  
 Invertebrates including shrimp are not equipped with cells that are analogous to 
antibody producing lymphocytes in fish and warm-blooded animals. Shrimp are therefore 
apparently entirely dependant on non-specific immune mechanisms to resist infections, and 
they lack the same kind of specific immunological “memory” as that found in fish and 
warm-blooded animals. Accordingly, it does not seem to make sense to vaccinate a shrimp 
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against a specific disease by administration of vaccine preparations of the disease causing 
micro-organisms. Nevertheless, shrimp farmers, both in Asia and Latin America, have 
experienced that after an initial period of high mortality due to a new virus disease in a 
region, shrimp in contaminated farms acquire a high degree of specific resistance to that 
particular virus. Since brood stock animals are collected from the wild, this resistance can 
not be due to genetic selection, but be the result of an acquired and specific immune 
mechanism, not based on immunoglobulins. It is an exciting and important field of 
research, apparently ignored by trendsetters in this field, to explore the biological 
mechanisms involved in this kind of specific immunological memory. Eventual “shrimp 
vaccines” based on this yet unknown mechanism belongs to the future, although farmers 
have already made practical use of the phenomenon. It seems that shrimp which become 
carriers of a given virus in very early life stages develop a state of tolerance and specific 
immunity to that virus. As shown in Table 1, immunostimulants including LPS, PG, 
glucan, sodium alginate and select plant extract have been used to enhance immune system 
and disease resistance of shrimp. 
 
Table 1 Immunostimulant effects in shrimp 
 
Species Administration Effects References 
Lipopolysaccharide 
Marsupenaeus 
japonicus 
 
Litopenaeus 
vannamei 
 
Peptidoglycan 
M. japonicus 
 
 
M. japonicus 
 
 
M. japonicus 
 
 
Oral 
 
 
Injection 
 
 
 
Oral 
 
 
Oral 
 
 
Oral 
 
 
Enhanced disease resistant against 
penaeid acute viraemia and induction 
of virus-inactivating activity 
Enhanced mRNA expression of 
penaeidins, crustin, serine proteinase 
and prophenoloxidase 
 
Enhanced phagocytic activity and 
protective effect against Vibrio 
penaeicida  
Enhanced mRNA expression of serine 
proteinase homolog, crustin-like, α2-
macroglobulin  
Enhanced the relative non-specific 
immune factors 
 
Takahashi et al. (2000) 
 
 
Okumura (2007) 
 
 
 
Itami et al. (1998) 
 
 
Rattanachai et al. 
(2004a, 2004b, 2005) 
 
Wang et al. (2004) 
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Table 1 (continued) 
 
Species Administration Effects References 
M. japonicus 
 
Penaeus monodon 
 
P. monodon 
 
 
L. vannamei 
 
Glucan 
P. monodon 
P. monodon 
 
Fenneropenaeus 
indicus 
 
 
L. vannamei 
 
 
Sodium alginate 
L. vannamei 
 
 
P. monodon 
 
 
 
 
Plant extract 
L. vannamei 
 
 
 
 
L. vannamei 
 
 
 
 
 
L. vannamei 
 
 
 
 
 
Fenneropenaeus 
chinensis 
Oral 
 
Oral 
 
Oral 
 
 
Oral 
 
 
Oral 
Immersion 
/injection 
Oral 
 
 
 
Oral 
 
 
 
Oral 
 
 
Oral 
 
 
 
 
 
Injection with 
hot-water 
extract of 
Gracilaria 
tenuistipitata 
Immersion 
/injection with 
hot-water 
extract of 
Sargassum 
duplicatum 
Immersion 
/injection with 
hot-water 
extract of 
Gelidium 
amansii  
Oral with 
Sargassum 
fusifome 
polysaccharide 
extract 
Increased mRNA expression of some 
antimicrobial peptides 
Increased phenoloxidase (PO) activity 
and haemocyte lysate fraction  
Increased total haemocyte count, PO, 
superoxide anion and bactericidal 
activity 
Protective effect against white spot 
syndrome virus (WSSV) 
 
Protective effect against WSSV 
Increased hemolymph heagglutinins  
 
Protective effect against WSSV and 
increased total haemocyte count, PO 
activity and nitroblue tetrazolium 
reaction  
Increased PO, superoxide dismutase 
(SOD) activity,phagocytosis and 
superoxide anion production 
 
Increased PO activity, respiratory burst 
and SOD activity and protective effect 
against V. alginolyticus 
Increased SOD activity and enhanced  
mRNA expression of  β-1,3-glucan-
binding protein, peroxinectin , cytosolic 
SOD, penaeidin-5 and a single whey 
acidic protein domain protein 
 
Protective effect against V. alginilyticus 
 
 
 
 
Increased total haemocyte count, PO 
activity and respiratory burst and 
protective against V. alginolyticus 
 
 
 
Increased total haemocyte count, PO 
activity and respiratory burst and 
protective against V. alginolyticus 
 
 
 
Improved vibriosis resistance 
 
Fagutao et al. (2008) 
 
Sritunyalucksana et al. 
(1999) 
Purivirojkul et al. (2006) 
 
 
Song et al. (2005) 
 
 
Chang et al. (2003) 
Pais et al. (2008) 
 
Sajeevan et al. (2006, 
2009) 
 
 
Wang et al. (2008) 
 
 
 
Cheng et al. (2004, 
2005) 
 
Liu et al. (2006) 
 
 
 
 
 
Hou et al. (2005) 
 
 
 
 
Yeh et al. (2006) 
 
 
 
 
 
Fu et al. (2007) 
 
 
 
 
 
Huang et al. (2006) 
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1.5 Objectives of the present study 
Unlike vertebrate immunity which is composed of innate and adaptive responses, 
vertebrates including shrimp rely solely in multiple innate defense reactions to combat 
infections. These reactions include the protection by physical barriers together with local 
(e.g., epithelial immunity) and systemic immune responses. The cellular and humoral 
systems are involved in the systemic innate immune response in invertebrates, both of 
which are activated upon immune challenge. To date, many genes involved in the shrimp 
immune system have been isolated and characterized. However, there is still a lack of 
information on the differential expression of immune-related genes in respond to 
immunostimulant. Therefore, the goals of the present study are to study the differential 
gene expression profile in the hepatopancreas of kuruma shrimp after PG (as an 
immunostimilant) stimulation and to characterize PG induced immune-related genes. 
Moreover, in order to understand the stress responses of shrimp, heat shock proteins were 
also studied and characterized. 
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CHAPTER 2 
_______________________________________________________________________ 
2.1 Abstract 
Five prime serial analysis of gene expression (5’ SAGE), a transcriptome-profiling 
technique that allows accurate gene expression profiles to be generated without any need 
for prior knowledge, was adopted to study the differential gene expression profile in the 
hepatopancreas of kuruma shrimp Marsupenaeus japonicus after peptidoglycan (PG) 
stimulation. Before the 5’ SAGE libraries were constructed, the effectiveness of PG 
derived from Micrococcus luteus was investigated. Total hemocyte count (THC) of PG-
injected shrimp at day 1 post-stimulation significantly increased (P < 0.05), meanwhile 
total bacterial count (TBC) of PG-injected shrimp was slightly less than the control shrimp. 
The THC and TBC results indicated that PG can enhance immune capability of shrimp at 
day 1 post-stimulation, so the hepatopancreas of control and PG-injected shrimp at day 1 
post-stimulation were used for the 5’ SAGE library construction. A total of 2,402 tag 
sequences containing 1,134 tags from the control library and 1,268 tags from the PG-
stimulated library were determined. Among these sequences, 1,020 tags were unique. By 
comparing the unique tags from both libraries, 8 differentially expressed tags were 
identified. Reverse transcriptase-PCR (RT-PCR) was performed and confirmed their 
expression profiles. Our results showed that the expression of chymotrypsin-like serine 
protease, NADH dehydrogenase subunit 2 and ribosomal protein S3Ae increased after PG 
stimulation. These results may provide a framework for further studies aimed at anti-
microbial mechanism in shrimp.       
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2.2 Introduction 
Host defense in invertebrates, including shrimps, lack an adaptive immune system 
and are believed to rely solely on multiple innate defense reactions to fight against the 
invading pathogens (Hoffmann et al., 1999). The cellular and humoral systems are 
involved in the innate immune response in invertebrates, both of which are activated upon 
immune challenge. The cellular response by hemocytes involved phagocytosis, nodule 
formation and encapsulation of pathogens, while the humoral reactions involve the 
prophenoloxidase-activating cascade, clotting mechanism, and immune-related proteins 
such as lysozymes, lectins, and antimicrobial peptides (Söderhäll, 1999). A crucial step in 
any immune responses is the recognition of invading organisms. This is mediated by a 
group of proteins, termed pattern recognition proteins (PRPs), which recognize and bind to 
molecules present on the surface of microorganisms. These molecules include microbial 
cell wall components such as lipopolysaccharide (LPS) from Gram-negative bacteria, 
peptidoglycan (PG) from Gram-positive bacteria, and β-1,3-glucan from fungal cell wall. 
Binding of PRPs to these molecules triggered a series of response which induce to the 
activation of the host immune system (Lee and Söderhäll, 2002).                                             
 Application of various immunostimulants to activate or boost the innate immune 
system has been widely accepted as a good alternative to improve health of cultured 
shrimp and combat epidemics (Song and Huang, 2000). Immunostimulants increase 
resistance to infectious disease, not by enhancing specific immune responses, but by 
enhancing non-specific defense mechanisms. Therefore, there is no memory component 
and the response is likely to be of short duration (Sakai, 1999). The stimulatory effects of 
immunostimulants including LPS ( Takahashi et al., 2000; Okumura, 2007), PG (Itami et 
al., 1998; Sritunyalucksana et al.; 1999; Wang et al., 2004; Song et al., 2005; Purivirojkul 
et al., 2006), glucan (Chang et al., 2000; Chang et al., 2003; Klannukarn and Wongprasert, 
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2004; Misra et al., 2004; ; Sajeevan et al., 2006; Pais et al., 2008; Wang et al., 2008; 
Sajeevan et al., 2009), sodium alginate (Cheng et al., 2004; Cheng et al., 2005b; Liu et al., 
2006), and select plant extract (Hou and Chen, 2005; Citarasu et al., 2006; Huang et al., 
2006; Yeh et al., 2006; Fu et al., 2007;) have been studied in shrimp. Peptidoglycan (PG), 
an essential and unique component of bacteria providing structural strength and shape to 
the bacterial cell wall and is made up of long linear carbohydrate chains of alternating 
amino sugars linked by short peptide, is one of the most effective immunostimulants 
(McDonald et al., 2005). It has been successfully used to enhance resistance of shrimp 
against bacterial and viral infections. Dietary administration of PG increases the resistance 
of kuruma shrimp Marsupenaeus japonicus against Vibrio penaeicida (Itami et al., 1998) 
and increases the resistance of white shrimp Penaeus vannamei against white spot 
syndrome virus (WSSV) (Song et al., 2005). Furthermore, PG significantly increased the 
expression of some immune-related genes such as crustin-like peptides, serine proteinase 
homologe, and α2-macroglobulin (Rattanachai et al., 2004a, 2004b, 2005) and also found 
to be effective in increasing various immune parameters such as phagocytosis, bactericidal 
activity, phenoloxidase (PO) activity, respiratory burst, superoxide dismutase (SOD), and 
antibacterial activities ( Sritunyalucksana et al., 1999; Wang et al., 2004; Purivirojkul et 
al., 2006). Although PG has been widely regarded as an efficient immunostimulant and 
has been demonstrated to enhance the non-specific defence mechanisms in the shrimp, 
little is known regarding their effects at the molecular level.                                                              
Serial analysis of gene expression (SAGE), a high-throughput technique to 
determine the absolute abundance of every transcript in a population of cells similar to 
microarray and other techniques, was developed in 1995 (Velculescu et al., 1995). It does 
not require prior knowledge of the gene of interest and permits a quantitative view of a 
transcriptome, through the generation and sequencing of short sequences (tags) that allow 
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the identification of the corresponding genes, enabling a direct estimation of their 
frequencies. An important feature of SAGE is its ability to determine the expression of all 
genes that contain the recognition site of the restriction enzyme used, and thus is not 
limited to the genes that have been used to construct the arrays. As a consequence SAGE 
simplified data expression analysis among different experiments, as the data provided 
reflects a direct measure of gene expression and permits a direct comparison of libraries 
generated by different groups (Velculescu et al. 2000; Wang, 2007). SAGE has been used 
for gene expression profiling in various organisms including yeast (Velculescu et al., 1997; 
Zhang and Dietrich, 2005), humans (Polyak et al., 1997; Velculescu et al., 1999; Polyak 
and Riggins, 2001; Patino et al., 2002; Honda et al., 2008; Shadeo et al., 2008; Felix et al., 
2009), rat (Madden et al., 1997; Vanpoucke et al., 2007; Yin et al., 2008), fruit fry (Jasper 
et al., 2001), silkworm (Huang et al., 2005), pathogenic fungi (Steen et al., 2002; Thomas 
et al., 2002; Irie et al., 2003), and plant (Matsumura et al., 1999; Matsumura et al., 2003; 
Robinson and Parkin, 2008). Recently, the 5’ SAGE technique has been developed by 
generating SAGE tags from 5’ ends of transcripts instead from 3’ ends as in the original 
method. The 5’ SAGE data can be applied for studying the 5’ ends transcript information 
such as the transcriptional start site (TSS) and promoter, or for full-length cDNA cloning 
of any target transcript (Hashimoto et al., 2004; Wei et al., 2004; Kasai et al., 2005; Zhang 
and Dietrich, 2005; Chutiwitoonchai et al., 2008). The 5’ SAGE method has been used for 
gene expression profiling in humans (Hashimoto et al., 2004; Kasai et al., 2005), mouse 
(Wei et al., 2004), yeast (Zhang and Dietrich, 2005), and liver fluke worm 
(Chutiwitoonchai et al., 2008). Here we report the results of the first 5’ SAGE library 
prepared from the hepatopancraes of the PG-stimulated kuruma shrimp. The results of this 
study demonstrate some of the differentially expressed genes showed an increase in the 
expression, suggesting that these genes may play a critical role in the immune system of 
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shrimp. These results may facilitate the understanding of the shrimp immunity and are also 
very helpful to improve the shrimp disease control strategies. 
 
2.3 Materials and Methods 
Shrimp                                                                                                                                           
 Apparently healthy kuruma shrimps (M. japonicus) weighting about 15 g were 
acclimated in the laboratory for 7 days before experimentation. During the acclimation 
period, shrimps were maintained at 25oC in 30 - 32 ppt saline water in a re-circulating 
system and fed twice daily with a commercial pelleted feed.  
 
Experimental Design 
 Shrimps were divided into the control and experimental groups. In the control 
group, shrimp were injected intramuscularly with 50 µl of phosphate-buffered saline 
(PBS), whereas in the experimental group, shrimps were injected with the same volume of 
PG derived from Micrococcus luteus (Wako, Japan) in PBS at 1 mg/kg body weight of the 
shrimp. The hemolymph and hepatopancreas samplings were done at day 0, 1, 3, and 7 
after injection. Five shrimps per group were collected at each sampling time.   
 
Hemolymph and Hepatopancreas Collection 
 Hemolymph was collected from individually shrimp by inserting a 23-gauge needle 
into the ventral sinus cavity and withdrawn into a 2.5 ml syringe containing 1 ml precooled 
anticoagulation solution (450 mM NaCl, 10 mM KCl, 10 mM EDTA, and 10 mM 
HEPES). The hemolymph-anticoagulant mixture (diluted hemolymph) was placed in a 
sterile microcentrifuge tube. Each tube was used in measuring the immune parameters 
including total hemocyte count (THC) and total bacterial count (TBC) to examine the 
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effectiveness of PG and be subsequently considered in order to adopt the hapetopancreas 
of the shrimp in each sampling time for the 5’ SAGE library construction. After the 
hemolymph samplings, the hepatopancreas was separately collected, frozen immediately in 
RNAiso (TaKaRa, Japan), and then stored at -80oC for the 5’ SAGE library construction. 
 
Total Hemocyte Count (THC) 
Ten microliters of the diluted hemolymph was mixed with 90 µl of anticoagulant. 
A drop of the diluted hemolymph (100 µl) was placed on a haemocytometer to measure 
THC using an inverted phase contrast microscope (Olympus). 
 
Total Bacterial Count (TBC) 
Fifty microliters of the diluted hemolymph was spread in triplicate on Lauria broth 
(LB) agar and bacto heart infusion (BHI) agar to obtain the colony forming unit (CFU) 
counts. All samples were incubated at 25oC and then CFU counts were done after 24 h.  
 
Statistical Analysis 
  The THC and TBC results were expressed as means + standard deviation (SD), and 
the data were analyzed, using the independent-samples T test for significant differences 
among treatment with SPSS 16.0 for windows. A level of P < 0.05 was accepted as 
statistically significant.    
 
Total RNA Isolation and mRNA Preparation for 5’ SAGE Library Construction 
Total RNA was isolated from the hepatopancreas of the control and PG-injected 
shrimp using RNAiso (TaKaRa, Japan) according to the manufacturer’s instructions. 
37 
Subsequently, mRNA was purified using QuickPrep Micro mRNA Purification Kit (GE 
Healthcare, UK). 
 
5’ SAGE Library Construction 
Oligo-capping was performed as described by Suzuki and Sugano (2003). Briefly, 
10 µg of mRNA were treated with bacterial alkaline phosphatase (BAP; TaKaRa, Japan) 
and tobacco acid pyrophosphatase (TAP; Wako Nippon Gene, Japan). The BAP-TAP-
treated mRNA were divided into two pools, and one of the following RNA linkers 
containing recognition sites for XhoI/MmeI was ligated to each pool using RNA ligase 
(TaKaRa, Japan): 5’-oligo 1 (5’-UUU GGA UUU GCU GGU GCA GUA CAA CUA 
GGC UUA AUA CUC GAG UCC GAC G-3’) or 5’-oligo 2 (5’-UUU CTG CUC GAA 
UUC AAG CUU CUA ACG AUG UAC GCU CGA GUC CGA CG-3’). After removing 
unligated 5’-oligo, the 5’ first-strand cDNA was synthesized with SuperScript III Reverse 
Transcriptase Kit (Invitrogen, USA). For the 5’-end-enriched cDNA library, 10 pmol of 
random adapter-primer (5’-GCG GCT GAA GAC GGC CTA TGT-3’) was used and 
incubation was carried out at 25oC for 5 min, 50oC for 60 min, and 70oC for 15 min. After 
the first-strand synthesis, mRNA was degraded in 0.1 M NaOH at 65oC for 50 min. The 
cDNA that was made from 10 µg of oligo-capped mRNA was amplified in a volume of 50 
µl with 10 pml of 5’ (5’ biotin 1-GGA TTT GCT GGT GCA GTA CAA CTA GGC TTA 
ATA-3’ or 5’ biotin 2-CTG CTC GAA TTC AAG CTT CTA ACGA TGT AC G-3’) and 
3’ (5’-GCG GCT GAA GAC GGC CTA TGT-3’) PCR primers. The random adapter-
primer-primed cDNA was amplified for 10 cycles at 94oC for 1 min, 58oC for 1 min, and 
72oC for 2 min. The PCR products were extracted and digested with MmeI (New England 
Biolabs, Beverly, MA, USA). The digested 5’-terminal cDNA fragments were bound to 
streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Invitrogen, USA). 
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The cDNA fragments that bound to the beads were directly ligated together in 16 µl of the 
reaction mixture containing Ligation High (Toyobo, Japan) at 16oC overnight. The ditags 
were amplified by large-scale PCR using primers 5’-GGA TTT GCT GGT GCA GTA 
CAA CTA GGC-3’ and 5’-CTG CTC GAA TTC AAG CTT CTA ACG ATG-3’ with the 
following PCR conditions: 30 cycles at 95oC for 30 s, 55oC for 1 min, and 72oC for 1 min. 
The PCR products were analyzed by 12% polyacrylamide gel electrophoresis (12% PAGE) 
and digested with XhoI. The band containing the ditags was excised and self-ligated to 
produce long concatemers which were then cloned into the XhoI-digested pZErO-2 vector 
(Invitrogen, USA). The colonies were screened and the insert size was checked by colony 
PCR using M13 forward and reverse primers. The colony PCR products containing inserts 
of more than 500 bp were sequenced with ABI 3130xl capillary sequencer using BigDye 
chemistry (Applied Biosystems, USA). Tags were extracted and enumerated from raw 
sequence files using GENETYX WIN (version 7.0.3) software and Microsoft Excel. The 
tags showing differential expression between libraries were identified by the Audic-
Claverie test (Audic and Claverie, 1997) using the IDEG 6 program (Romualdi et al., 
2003).   
 
Identification of Genes from the 5’ SAGE Tag Sequences 
The same mRNA samples from the 5’ SAGE analyzes were used for this 
experiment. Owing to rapid amplification of cDNA ends (RACE) technology, the first-
strand cDNAs were generated with a 3’ RACE CDS primer A (5’-AAG CAG TGG TAT 
CAA CGC AGA GTA C-(T)20-3’) following the manufacturer’s instructions using 
SMART RACE cDNA Amplification Kit (Clontech, USA). These cDNAs can now serve 
as an extended template for further studies. The cDNAs were amplified by nested PCR 
with the use of Ex Taq (TaKaRa, Japan). Briefly, 1 µl of the cDNAs was directly used as a 
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template for the first nested PCR amplification with the tag-specific primer 1 (Table 1) 
used as the sense primer and nested universal primer A (NUP; 5’-AAG CAG TGG TAT 
CAA CGC AGA GT-3’) used as the antisense primer. The reaction was then carried out 
for 35 cycles at 95oC for 30 s, 53-59oC for 30 s, and 72oC for 3 min using a thermal cycler 
(BIO-RAD). The first nested PCR products were used as a template for the second nested 
PCR amplification with the tag-specific primer 2 (Table 1) and NUP under the following 
conditions: 95oC for 30 s, 49-58oC for 30 s, and 72oC for 3 min. The second nested PCR 
products were purified and cloned into pGEM-T Easy vector (Promega, USA). The 
positive clones were screened by colony PCR with M13 forward and reverse primers. The 
subsequent PCR products were directly sequenced using ABI 3130xl capillary sequencer 
(Applied Biosystems, USA). All the sequences generated from the clones were analyzed 
using the BLAST program for alignment (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
 
RT-PCR of Genes Represented in the 5’ SAGE Analysis 
The same first-strand cDNAs in the identification of genes from the 5’ SAGE tag 
sequences studies were used for this analysis. The cDNAs were amplified using the 
following primers: leucine-rich glioma-inactitive protein 1 precursor, sense 5’-CGT CTT 
CAG CCA AGT GGC-3’, antisense 5’-CAA CTA CCA ATT CTC CGC-3’, ribosomal 
protein S3Ae, sense 5’-CTG AAG AGG TTC AGG GCA-3’, antisense 5’-TCC TGC GGA 
TGT TCT TAA-3’, chymotrypsin-like serine protease, sense 5’-GTC AAA CTG CCT 
TCC TCC-3’, antisense 5’-CCG GTC TTC TGT TCG ATC-3’, NADH dehydrogenase 
subunit 2, 5’-CGT CAC GGT GAT CTC TGC-3’, antisense 5’-GGC TAA TCA GAG 
GGG TAG-3’. The PCR conditions were 95oC for 5 min followed by 25 cycles of 95oC for 
30 s, 56oC for 30 s, and 72oC for 1 min. The reactions were kept at 72oC for 5 min after the 
last cycle. The RT-PCR products were detected by 1% agarose gel electrophoresis contain- 
40 
Table 1 Tag-specific primer sequences and annealing temperature used for amplification of longer sequences from the 5’ SAGE differentially 
expressed tags  
 
Tag no. Tag-specific primer sequence Annealing temperature (oC) 
First nested PCR Second nested PCR First nested PCR Second nested PCR 
1 
15 
22 
43 
204 
305 
532 
632 
5’-GGCCACATAGGCCGTCTT-3’ 
5’-GCTGCTCGAATTCAAGCT-3’ 
5’-CCACATAGGCCGTCTTCA-3’ 
5’-GCTGCTCGAATTCAAGCT-3’ 
5’-GCCTAGTTGTACTGCACC-3’ 
5’-GTACCTGGTTGATCCTGC-3’ 
5’-GTACCTGGTTGATCCTGC-3’ 
5’-ATAGGCCGTCTTCAGCCG-3’ 
5’-CCACATAGGCCGTCTTCA-3’ 
5’-TGCTCGAATTCAAGCTTC-3’ 
5’-ACATAGGCCGTCTTCAGC-3’ 
5’-TGCTCGAATTCAAGCTTG-3’ 
5’-CTAGTTGTACTGCACCAG-3’ 
5’-ACCTGGTTGATCCTGCCA-3’ 
5’-ACCTGGTTGATCCTGCCG-3’ 
5’-AGGCCGTCTTCAGCCGCA-3’ 
59 
53 
56 
57 
59 
58 
58 
58 
51 
54 
57 
49 
54 
58 
58 
56 
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-ing ethidium bromide. The expression levels were normalized to the expression of kuruma 
shrimp elongation factor-1 α (EF-1 α) gene, sense 5’-TGG TTG TCA ACT TTG CCC C-
3’, antisense 5’-TTG ACC TCC TTG ATC ACA CC-3’. 
 
2.4 Results and Discussion   
The Efficacy of Peptidoglycan as Immunostimulant to Kuruma Shrimp (M. japonicus) 
The THC of PG-injected shrimp was significantly higher than the control shrimp at 
day 1 post-stimulation (P < 0.05), however there were no significant difference between 
the control and PG-injected shrimp at day 3 and 7 post-stimulation (P > 0.05) (Fig. 1).  
 
 
Fig. 1 Total hemocyte count (THC) of control and PG-injected kuruma shrimp M. 
japonicus at day 1, 3, and 7 post-stimulation; Data (mean + SD) with different letters 
significantly differ (P < 0.05) among treatment; THC of kuruma shrimp before injection is 
2.5x107 cells/ml  
 
THC was used as an immune parameter to examine the immune response of shrimp after 
PG stimulation in each sampling time. Hemocytes are responsible for clotting, exoskeleton 
hardening, and elimination of foreign pathogens (Song and Hsieh, 1994). It is well known 
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that the life cycle, food intake, disease outbreak, pollutants, and environmental stress affect 
the circulating hemocyte count of crustaceans, including shrimp, both in quantity and 
quality (Smith and Johnston, 1992; Cheng and Chen, 2001). An increase in THC provides 
enhanced immune capability during periods of stress (Cheng et al., 2005a; Jiang et al., 
2005; Wang and Chen, 2006; Chang et al., 2007; Pan et al., 2008) leading to disease 
resistance in shrimp (Liu and Chen, 2004; Liu et al., 2004; Tseng and Chen, 2004; Yeh et 
al., 2004; Wang and Chen, 2005; Cheng et al., 2007; Li and Chen, 2008; Li et al., 2008; Su 
and Chen, 2008). The THC results revealed that THC of the PG-injected shrimp was 
significantly higher than the control shrimp at day 1 post-stimulation (P < 0.05) implying 
that the immune response of the PG-injected shrimp was higher than the control shrimp at 
day 1 post-stimulation. These facts suggested that the ability of elimination of pathogens of 
the PG-injected shrimp was better than the control shrimp at day 1 post-stimulation; 
therefore the PG-injected shrimp at day 1 post-stimulation had slightly less TBC than the 
control shrimp (Fig. 2). From the THC and TBC results, PG certainly activated the 
immune response of kuruma shrimp at day 1 post-stimulation. Our results were related to 
the previous study. Fagutao et al. (2008) used microarray to examine the gene expression 
profile of kuruma shrimp after stimulation with PG. Their results showed that the number 
of up-regulated genes and the percentage of differentially expression were highest at day 1 
post-stimulation. These results manifested that PG indeed enhanced the shrimp’s immune 
response, thereby confirming the previous studies mentioned above.  
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A 
 
B 
 
Fig. 2 Total bacterial count (TBC) using Lauria broth (LB) agar (A) and bacto heart 
infusion (BHI) agar (B) in the hemolymph of control and PG-injected kuruma shrimp M. 
japonicus at day 1, 3, and 7 post-stimulation; Data (mean + SD) with different letters 
significantly differ (P < 0.05) among treatment; TBC using LB and BHI agar of kuruma 
shrimp before injection are 3 and 5 CFU/50 µl of hemolymph, respectively 
 
5’ SAGE Library 
From the THC and TBC results, the hepatopancreas of the control and PG-injected 
shrimp at day 1 post-stimulation were used for the 5’ SAGE library construction. A total of 
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2,402 tags were generated, 1,134 and 1,268 tags from the control and PG-stimulated 
libraries, respectively. The unique tags identified in these two 5’ SAGE libraries were 546 
and 557, respectively (Table 2). The frequency distribution of the unique tags was similar 
in both libraries. Correspondingly, 78.02% or 81.87% of the unique tags present at low 
abundance (frequency=1) contributed merely 37.57% or 35.96% of the total tags (Table 2). 
Between these two 5’ SAGE libraries, 1,020 tags were unique. Four hundred and sixty-
three (45.39%) unique tags were only found in the control libraries, 474 (46.47%) were 
only found in the PG-stimulated library, and 83 (8.14%) unique tags were found in both 
libraries (Fig. 3).  
 
 
Fig. 3 Venn diagram demonstrating overlap of the unique tag sets found both the control 
(C) and peptidoglycan-stimulated (PG) 5’ SAGE libraries  
 
Although SAGE has been used for gene expression profile in many organisms, to 
date only one paper was published in shrimp. Griffitt et al. (2007) used 3’ SAGE to 
perform a large-scale survey of grass shrimp Palaeminestes pugio transcriptome under 
different chemical xenobiotic stresses. From their results, 3’ SAGE represents a powerful 
ecotoxicological tool for rapidly and accurately identifying genes uniquely affected by 
xenobiotic exposure, driving subsequent investigations into gene transcriptional response, 
principally in grass shrimp, where insufficient sequence knowledge exists to construct a 
satisfactory array. However, they were unsuccessful in identifying tag via cloning and  
45 
Table 2 Summary of the 5’ serial analysis of gene expression (5’ SAGE) data from the hepatopancreas of the control and peptidoglycan-
injected kuruma shrimp M. japonicus at day 1 post-stimulation  
 
Frequency 
distribution 
Control library PG-stimulated library All libraries 
No. of                 
unique tags (%) 
No. of tags (%) No. of                 
unique tags (%) 
No. of tags (%) No. of                 
unique tags (%) 
No. of tags (%) 
1 
2-4 
5-9 
10-19 
≥20 
Total 
426 (78.02) 
100 (18.32) 
  14 (2.56) 
    2 (0.37) 
    4 (0.73) 
546 (100.0) 
   426 (37.57) 
   237 (20.90) 
     89 (7.85) 
     22 (1.94) 
   360 (31.74) 
1,134 (100.0) 
456 (81.87) 
  83 (14.90) 
    6 (1.08) 
    7 (1.26) 
    5 (0.89) 
557 (100.0) 
   456 (35.96) 
   202 (15.93) 
     39 (3.08) 
     91 (7.18) 
   480 (37.85) 
1,268 (100.0) 
 
 
 
 
 
1,020 
   882 (36.72) 
   439 (18.28) 
   128 (5.33) 
   113 (4.70) 
   840 (34.94) 
2,402 (100.0) 
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sequencing the 3’ SAGE tag because the sequence obtained is almost always from the 3’ 
untranslated region, which is of little use in finding homologies to known genes, so 
theyused the 3’ sequence knowledge gained from reverse SAGE (RSAGE) to perform 5’ 
rapid amplification of cDNA ends and the sequencing the 3’-end of the parent mRNA of a 
given tag would yield enough sequence data to identify the gene. This is admittedly a time-
consuming task. This drawback of 3’ SAGE can be solved by 5’ SAGE. The benefit of 5’ 
SAGE is that allows identification the interesting tags and also provides a means for 
determining the transcription start site (TSS) of each expressed gene (Hashimoto et al., 
2004; Wei et al., 2004; Zhang and Dietrich, 2005). Determination of the mRNA start site is 
the first step in identifying the promoter region, which is of key importance for the 
transcriptional regulation of gene expression. In this study, we show that the 5’ SAGE 
technology is one of the most powerful techniques for the analysis of the expression profile 
of genes involved in shrimp immunity, especially those that are activated or expressed in 
response to exposure to bacterial cell wall components. This study is the first to use the 5’ 
SAGE technique in kuruma shrimp. The mRNAs used for the 5’ SAGE library 
construction were prepared from the hepatopancreas, where is a crucial organ in the 
immune system of the penaeid shrimp. It is known that the hepatopancreas not only 
initiates the humoral immune response in shrimp, but also contains highly specialized cells 
and phagocytes that function in the cellular immune response (Gross et al., 2001; 
Astrofsky et al., 2002). Many immune-related genes were identified form the 
hepatopancreas of shrimp after bacterial and viral infections (Pan et al., 2005; Zhao et al., 
2007). In addition, this study is the first to use 5’ SAGE to derive profiles of expressed 
genes in response to PG stimulation (immunostimulation). 
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Differentially Expressed Transcripts 
In order to detect tags that were expressed differentially between the control and 
PG-stimulated 5’ SAGE libraries, we compared the individual tags using the Audic-
Claverie statistical test. The subsequent results showed that 8 unique tags were expressed 
differentially. Two tags were highly expressed in both libraries. Five tags showed an 
increased expression in the PG-stimulated library, and only 1 tag showed a decreased 
expression in the PG-stimulated library (Table 3).    
 
Table 3 The tag counts of 8 differentially expressed tags between the control and 
peptidoglycan-stimulated 5’ SAGE libraries 
Tag no. 5’ SAGE tag Abundance 
Control library Peptidoglycan-
stimulated library 
1 
22 
204 
15 
305 
632 
532 
43 
GGCCACATAGGCCGTCTTCA 
CCACATAGGCCGTCTTCAGC 
GCCTAGTTGTACTGCACCAG 
GCTGCTCGAATTCAAGCTTC 
GTACCTGGTTGATCCTGCCA 
ATAGGCCGTCTTCAGCCGCA 
GTACCTGGTTGATCCTGCCG 
GCTGCTCGAATTCAAGCTTG 
161 
153 
    5 
    2 
    5 
    0 
    1 
  20 
186 
182 
  64 
  24 
  15 
  10 
    9 
    2 
 
 
Identification of Genes from the 5’ SAGE Tag Sequences 
Eight unique tags generated from the hepatopancreas of the control and PG-
stimulated shrimp at day 1 post-stimulation with different expression levels were selected 
for this analysis. Nested PCR amplification was performed with each tag-specific and 
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nested universal primer. As shown in Fig. 4, amplification of 5’ SAGE tags usually 
generates a single intend band, although some of them may contain the additional bands. 
This limitation can be overcome by screening several colonies for each PCR product.  
 
 
Fig. 4 Specific amplification of 8 differentially expressed tag sequences by nested PCR; 
M: λDNA/HindIII marker; lane 1 tag no. 1 (GGC CAC ATA GGC CGT CTT CA); lane 2 
tag no.  15 (GCT GCT CGA ATT CAA GCT TC); lane 3 tag no. 22 (CCA CAT AGG 
CCG TCT TCA GC); lane 4 tag no. 43 (GCT GCT CGA ATT CAA GCT TG); lane 5 tag 
no. 204 (GCC TAG TTG TAC TGC ACC AG); lane 6 tag no. 305 (GTA CCT GGT TGA 
TCC TGC CA); lane 7 tag no. 532 (GTA CCT GGT TGA TCC TGC CG); and lane 8 tag 
no. 632 (GCT GCT CGA ATT CAA GCT TG) 
 
Direct-colony PCR amplification was used for the collection of templates for sequencing 
reaction to identify the corresponding genes. Among the 8 selected tags, all of them could 
generate the qualified sequences. The size distribution of the amplified sequences ranged 
from 146 to 846 bp, with 100% longer than 100 bp. As can be seen in Table 4, 6 of the 
amplified sequences were matched to the known genes in the GenBank database, except 
only 2 of the amplified sequences did not match. These two tag sequences from tag no. 1  
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Table 4 The representative genes from the 5’ SAGE tag amplified sequences  
Tag no. 5’ SAGE tag Homolog to genes in database  Species Length of the 
fragment (bp) 
E value x/ya amino 
acid (% 
identity) 
1 
15 
 
22 
 
43 
204 
 
305 
 
532 
 
632 
GGCCACATAGGCCGTCTTCA 
GCTGCTCGAATTCAAGCTTC 
 
CCACATAGGCCGTCTTCAGC 
 
GCTGCTCGAATTCAAGCTTG 
GCCTAGTTGTACTGCACCAG 
 
GTACCTGGTTGATCCTGCCA 
 
GTACCTGGTTGATCCTGCCG 
 
ATAGGCCGTCTTCAGCCGCA 
No homolog 
Chymotrypsin-like serine proteinase 
EU433385 
Similar to leucine-rich glioma-inactive 
protein 1 precursor DQ858934 
No homolog 
NADH dehydrogenase subunit 2   
AP006346 
18s ribosomal RNA DQ079766 
 
18s ribosomal RNA DQ079766 
 
Ribosomal protein S3Ae EF444539 
- 
Fenneropenaeus 
chinensis 
Litopenaeus 
vannamei 
- 
Marsupenaeus 
japonicus 
Penaeus 
semisulcatus 
Penaeus 
semisulcatus 
Pteromalus 
puparum 
149 
592 
 
316 
 
146 
238 
 
845 
 
846 
 
695 
- 
2E-121 
 
1E-31 
 
- 
1E-80 
 
0.0 
 
0.0 
 
7E-102 
- 
318/366 
(86%) 
143/185 
(77%) 
- 
175/178 
(98%) 
701/744 
(94%) 
703/745 
(93%) 
473/643 
(73%) 
a x/y: number of identical amino acids between query and subject sequences/number of amino acids for alignment 
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(GGC CAC ATA GGC CGT CTT CA) and tag no. 43 (GCT GCT CGA ATT CAA GCT 
TG) were artifacts because of non-specific amplifications. From 8 differentially expressed 
tags, only 6 of the amplification sequences were matched to the known genes in the 
GenBank database. Two of the amplified sequences were matched to the same known 
genes in the GenBank database, thus these tag sequences were exhibited as “many tags-one 
transcript” might represent different TSS or an alternative transcription initiation 
(Chutiwitoonchai et al., 2008). Four tag sequences, presented as “one tag-one transcript”, 
were selected for further evaluation of their expression levels by RT-PCR. 
 
RT-PCR Confirmation of Representative Genes in the 5’ SAGE Analysis 
To confirm the expression profiles in the control and PG-stimulated 5’ SAGE 
libraries, we selected four differentially expressed genes and evaluated their profile by RT-
PCR. The expression of each transcript was compared with the 5’ SAGE data (Fig. 5). 
Leucine-rich glioma-inactive protein 1 precursor was highly expressed in both libraries, 
whereas chymotrypsin-like serine protease, NADH dehydrogenase subunit 2 and ribosomal 
protein S3Ae were highly expressed in the PG-stimulated library. These results established 
that the expression profile of representative genes in RT-PCR analysis correspond to the 5’ 
SAGE profiles. They further support our quantitative data from the 5’ SAGE analysis.     
Our results revealed that the expression of some genes in the hepatopancreas of 
kuruma shrimp increased after PG stimulation. Leucine-rich glioma-inactive protein 1 
(LGI1) precursor was highly expressed in the control and PG-stimulated libraries, whereas 
chymotrypsin-like serine proteinase, mitochondrial DNA, and ribosomal protein S3Ae 
were highly expressed in the PG-stimulated libraries. LGI1 is the second abundant 
representing genes found in the control and PG-stimulated libraries. LGI1, a candidate 
tumor suppressor gene involved in progression of glail tumors, belongs to a subfamily of 
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                                                                              1          2                                                             
     LGI1  
                            Chy-SP  
             NADH dehydrogenase subunit 2  
         Ribosomal protein S3Ae  
              EF-1 α  
Fig. 5 RT-PCR analysis of genes expressed differently from the hepatopancreas of the 
control (lane 1) and PG-injected (lane 2) kuruma shrimp M. japonicus at day 1 post-
stimulation; LGI1: Leucine-rich glioma-inactive protein 1 precursor; Chy-SP: 
Chymotrypsin-like serine protease; EF-1 α: Elongation factor-1 α 
 
leucine-rich repeat (LRR) genes comprised of four members (LGI1-LGI4) (Gu et al., 
2002). The LGI1 gene contains LRR with conserved flanking sequences. In the LRR 
domain, LGI1 has the highest homology with a number of transmembrane and 
extracellular proteins which function as receptors and adhesion protein (Chernova et al., 
1998; Somerville et al., 2000; Besleaga et al., 2003). Gu et al. (2005) investigated the 
orthologs of the human LGI genes in other species. Their results demonstrated that 
orthologs were indentified in chimpanzee Pan troglodytes, chicken Gallus gallus, zebrafish 
Danio rerio and puffer fish Tetraodon negroviridis genomes, whereas no orthologs could 
be identified from nematode Caenorhabditis elegans, fruit fry Drosophila melanogaster, 
and ascidian Ciona intestinalis genomes, therefore suggested that the LGI gene family 
originated in the evolutionary lineage leading to the vertebrates. However, LGI1 showed 
up-regulation in the hepatopancreas of WSSV-resistant shrimp Litopenaeus vannamei 
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(Zhao et al., 2007). This defence-related protein gene may participate in shrimp innate 
immune responses. Chymotrypsin-like serine protease is one of serine protease (SP). SP 
constitutes one of the largest families of enzymes in the animal kingdom and plays 
important roles in dietary protein digestion, blood clotting, immune response, signal 
transduction, hormone activation, inflammation, and development (Herrero et al., 2005; 
O'Connell et al., 2006). In shrimp, Shi et al. (2008) found that chymotrypsin-like SP 
transcripts were located on some cells of the hepatopancreatic tubules of the Chinese 
shrimp Fenneropenaeus chinensis, and the expression level of chymotrypsin-like SP in the 
hepatopancreas was up-regulated after bacterial and viral challenge. In the study of PO 
activity in Sydney rock oysters Saccostrea glomerata, prophenoloxidase (proPO) is 
activated to PO by the addition of chymotrypsin (Aladaileh et al., 2007). Perhaps, 
chymotrypsin-like SP is involved in a protease cascade for the PO activation. When the 
invertebrates, including shrimps, are immune-challenged, chymotrypsin-like SP could 
hydrolyze or modulate some proteins in the PO active system, and finally induce 
haemolymph coagulation and melanization of pathogens surfaces. In our results, 
chymotrypsin-like SP was highly expressed in the PG-stimulated library, suggesting that 
that chymotrypsin-like SP is involved in the innate immune reactions in shrimp. In 
summary, two 5’ SAGE libraries of the hepatopancreas from the control and PG-injected 
shrimp at day 1 post-stimulation were successfully constructed and some differentially 
expressed genes were identified. These genes may provide valuable information for the 
further understanding of the shrimp’s innate immune mechanisms. 
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 CHAPTER 3 
_________________________________________________________________________ 
3.1 Abstract 
The mRNA encoding chymotrypsin-like serine protease (Mj-chy) from a kuruma 
shrimp Marsupenaeus japonicus hepatopancreas was identified as a peptidoglycan-
inducible gene by 5’-end serial analysis of gene expression. The transcript of Mj-chy 
consists of a 816-nucleotide of open reading frame encoding 271 amino acids, including a 
signal peptide of 17 amino acids and a trypsin-like serine protease domain of 219 amino 
acids. Like most serine proteases, Mj-chy has a catalytic triad consisting of histidine, 
aspartic acid and serine, and six cysteine residues forming three disulfide bridges. In a 
phylogenetic analysis, the trypsin-like serine protease domain clustered with invertebrate 
chymotrypsins and was closely related to chymotrypsin-like serine protease from Chinese 
shrimp Fenneropenaeus chinensis and chymotrypsin BI from Pacific white shrimp 
Litopenaeus vannamei. Mj-chy was detected in the hepatopancreas, stomach and intestine, 
and exhibited increased expression in defense-related tissues (i.e., hemocytes, lymphoid 
organ and hepatopancreas) after peptidoglycan stimulation.  
 
3.2 Introduction 
Host defense systems in invertebrates, including shrimps, lack an adaptive immune 
system and are believed to rely solely on multiple innate defense reactions to fight against 
invading pathogens (Hoffmann et al., 1999). The cellular and humoral systems are 
involved in the innate immune response in invertebrates, both of which are activated upon 
immune challenge. The cellular response of hemocytes involves phagocytosis, nodule 
formation and encapsulation of pathogens, while the humoral reactions involve the 
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prophenoloxidase (proPO)-activating cascade, the clotting mechanism, and immune-
related proteins such as lysozymes, lectins, and antimicrobial peptides (Söderhäll, 1999). A 
crucial step in any immune response is the recognition of the invading organisms. This is 
mediated by a group of proteins, termed pattern recognition proteins (PRPs), that recognize 
and bind to molecules present on the surfaces of microorganisms. These molecules include 
microbial cell wall components such as lipopolysaccharides (LPSs) from Gram-negative 
bacteria, peptidoglycans (PGs) from Gram-positive bacteria and β-1,3-glucan from fungal 
cell walls. The binding of PRPs to these molecules triggers a series of responses that 
induce the activation of the host immune system (Lee and Söderhäll, 2002). 
Serine proteases (SPs) constitute one of the largest gene families in the animal 
kingdom. Within the human genome, for instance, about 500 protease-encoding genes have 
been identified, of which around 30% are SPs or SP homologs (SPHs) (Southan, 2001). 
SPs are involved in a wide array of important physiological functions in mammals, 
including digestion of dietary proteins, blood coagulation, immune responses, signal 
transduction, hormone activation, and development (Barrett et al., 2003). They generally 
have extracellular functions and are secreted to extracellular, vesicular, or granular 
locations. The proenzymes are usually monomers with a C-terminal catalytic domain and 
one or more N-terminal domains, and they are activated by cleavage at the amino end of 
the catalytic domain. The activated catalytic domain remains tethered to the N-terminal 
domain(s) through a disulfide bond. The catalytic function of SPs is accomplished through 
the action of a catalytic triad (reactive histidine (H), aspartic acid (D), and serine (S)), and 
the degree and type of substrate specificity is determined by many residues within the 
substrate-binding cleft (Perona and Craik, 1995).  
In insects, the primary digestive enzymes are SPs such as trypsin (EC 3.4.21.4) and 
chymotrypsin (EC 3.4.21.1) (Terra and Ferreira, 1994). Trypsins from a wide range of 
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insect species have been purified and characterized, whereas chymotrypsins have been less 
studied, but some insect chymotrypsins appear to differ from their mammalian counterparts 
in the binding region. Chymotrypsins have been associated with the responses to bacteria, 
yeast, and baculovirus infections in tobacco hornworm Manduca sexta (Finnerty et al., 
1999; Broehan et al., 2007) and are involved in the immune defense reaction against 
bacteria in the fruit fly Drosophila melanogaster (de Morais Guedes et al., 2005). 
Moreover, proPO is activated to PO by the addition of chymotrypsin in Sydney rock oyster 
Saccostrea glomerata (Aladaileh et al., 2007). 
 Three chymotrypsins have been identified in shrimp. These include chymotrypsin 
BI and BII from Pacific white shrimp Litopenaeus vannamei (Sellos and Van Wormhoudt, 
1992, 1999), and a chymotrypsin-like SP from Chinese shrimp Fenneropenaeus chinensis 
(Shi et al., 2008). However, the roles of crustacean chymotrypsins in immune defense 
remain unclear. In this study, a chymotrypsin-like SP cDNA was cloned from the 
hepatopancreas of a healthy kuruma shrimp Marsupenaeus japonicus and its mRNA 
expression was characterized in various tissues. Moreover, expression of the gene was 
examined in defense-related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) 
following PG stimulation. 
 
3.3 Materials and Methods 
Cloning and Sequencing of Mj-chy cDNA 
A partial cDNA sequence including a polyA tail of Mj-chy from the 5’SAGE 
libraries was used to design specific primer for PCR amplification. The Mj-chy cDNA was 
amplified from a normal kuruma shrimp hepatopancreas cDNA library performed in our 
laboratory. For the first nested PCR, the 5’ PCR primer F1 (5’-GGA TAA CAA TTT CAC 
ACA GG-3’) and 3’ anchor R1 primer (5’-CGT AAG CTT GGA TCC TCT AGA G-3’) 
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were used to amplify the 5’ end of the Mj-chy cDNA. The first nested PCR conditions 
were as follows: incubation at 95oC for 5 min; 35 cycles at 95oC for 30 s, 55oC for 30 s, 
and 72oC for 1 min; and incubation at 72oC for 5 min. The first nested PCR products were 
used as templates in the second nested PCR. For the second nested PCR, the 5’ PCR 
primer F2 (5’-TTC CCG GGT CGA CCC ACG CGT C-3’) and 3’ anchor R1 primer were 
used to amplify the 5’ end of the Mj-chy cDNA. The second nested PCR conditions were 
as follows: 1 cycle at 95oC for 5 min; 35 cycles at 95oC for 30 s, 55oC for 30 s, and 72oC 
for 1 min; and incubation at 72oC for 5 min. The second nested PCR products were 
purified, cloned into the pGEM-T easy vector (Promega, USA), and Escherichia coli strain 
JM109 was transformed with the plasmids. The positive clones were screened by colony 
PCR with M13 forward and reverse primers. The colony PCR products were directly 
sequenced with an ABI 3130xl capillary sequencer using BigDye chemistry (Applied 
Biosystems, USA). 
 
Sequence Data Analysis 
Nucleotide and amino acid sequences were analyzed using GENETYX WIN 
(version 7.0.3) software. Homology analysis and cleavage site prediction were 
accomplished with BLASTP (http://ncbi.nlm.nih.gov/). Conceptual translation was 
performed and the characteristics of the protein were predicted using the ExPASy web 
server (http://www.expasy.ch). The motif was predicted with SMART (http://smart.embl-
heidelberg.de/) (Letunic et al., 2006). The signal peptide was searched with SignalP 
(Nielsen et al., 1997). A multiple sequence alignment was created using ClustalW 
(Thompson et al., 1994). Subsequently, the neighbor-jointing phylogenetic tree was 
generated by MEGA4 software (Tamura et al., 2007).         
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 Tissue Distribution Analysis 
In order to study the Mj-chy expression in different organs of kuruma shrimp, total 
RNAs were isolated from hemocytes, heart, muscle, gills, hepatopancreas, lymphoid organ, 
stomach and intestine. The first-strand cDNAs were synthesized from 2 µg of the total 
RNAs using Moloney murine leukemia virus reverse transcriptase (MMLV; Invitrogen, 
USA). RT-PCR was performed to analyze the expression pattern of Mj-chy using Mjchy_F 
(5’-GTC AAA CTG CCT TCC TCC-3’) and Mjchy_R (5’-CCG GTC TTC TGT TCG 
ATC-3’). Elongation factor-1 α (EF-1 α) was amplified as an internal control using EF1_F 
(5’-TGG TTG TCA ACT TTG CCC C-3’) and EF1_R (5’-TTG ACC TCC TTG ATC 
ACA CC-3’). One microlitre of the first-strand cDNA was used as the template in the PCR 
amplification. The RT-PCR reaction was conducted with an initial predenaturation step 
performed at 95oC for 5 min following by 25 cycles of 95oC for 30 s, 60oC for 30 s and 
72oC for 30 s, and a final extension at 72oC for 5 min. Ten microlitres of the amplified 
products were separated by electrophoresis with 1% agarose gel and visualized with 
ethidium bromide. 
 
Expression Analysis after Peptidoglycan (PG) Stimulation 
Healthy kuruma shrimps, each weighing about 15 g, were acclimated to a salinity 
of 30 + 2 ppt for 7 days before experimentation, and then each individual shrimp was 
injected with PG diluted in PBS at 1 mg/kg body weight of shrimp. Hemocytes, lymphoid 
organs and hepatopancreas were dissected from six shrimps sampled before PG injection 
as an initial control and at 1, 3 and 7 days post-PG injection. After this, the expression of 
Mj-chy transcripts was examined by RT-PCR as described above. Briefly, total RNA was 
extracted from the tissues of three shrimps collected and pooled, and then first-stand cDNA 
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was synthesized. The cDNAs were used as templates in the PCR amplification. The PCR 
products were electrophoresed in a 1% agarose gel containing ethidium bromide.  
In addition, Mj-chy mRNA expression levels were also determined by quantitative 
real-time PCR. Total RNA isolation and first-strand cDNA synthesis were individually 
performed for the tissues from three shrimps of each group. Primer sets for Mj-chy 
(Mjchy_lF 5’-TTC CCT CAT CTC CAA CGA GT-3’, Mjchy_lR 5’-TGA GTT AGT TGA 
AAC GGG GC-3’, Mjchy_sF 5’-CCA GCC AGG TCT CCA TTG TC-3’ and Mjchy_sR 
5’-GTG AGA AGC CAA GAG TTC CAG TTC-3’) and for EF 1-α (EF1_lF 5’-GAA CGT 
TTC AAG GGA ATC CA-3’, EF1_lR 5’-CCT CCA ATC TTG TAT ACG TC-3’, EF1_sF 
5’-TGG GTT GGT GGA AGA AGC A-3’ and EF1_sR 5’-TCG AAG AGG GTC TCG 
AAT TCA-3’) were designed with ABI Primer Express Software version 3.0 (Applied 
Biosystems, USA). Quantitative real-time PCR assays were done in a 20 µl reaction 
volume consisting of 5 µl template cDNA (2 µg/ml), 0.4 µl of both forward and reverse 
primers (10 pM), 10 µl Power SYBR Green Master Mix (Applied Biosystems), and 4.2 µl 
distilled water. Real-time PCR analysis was performed on an ABI7300 real-time PCR 
system (Applied Biosystems) following the manufacturer’s protocol. Expression levels 
were measured by the 2-∆∆CT method (Livak and Schmittgen, 2001). EF-1 α mRNA levels 
were used as an internal control. Differences in expression were measured by one-way 
analysis of variance followed by the Tukey significant difference test using SPSS 16.0 
software. P values < 0.05 were considered significant.   
 
3.4 Results and Discussion 
Kuruma Shrimp Chymotrypsin-like Serine Protease (Mj-chy) 
After the 5’ SAGE libraries had been constructed and sequenced, the individual 
tags generated from hepatopancreas of the control and PG-stimulated shrimp at day 1 post-
72 
stimulation were compared using the Audic-Claverie statistical test. The results showed 
that the unique tag no. 15 (5’-GCT GCT CGA ATT CAA GCT TC-3’) was highly 
expressed in the PG-stimulated library (data not shown). Subsequently, a 592-bp fragment 
with a polyA tail was obtained after identifying the gene from this 5’ SAGE tag sequence. 
A BLAST search revealed that this fragment was highly homologous to the chymotrypsin-
like serine proteinase of F. chinensis (GenBank accession no. EU433385, 86% identity).  
The full-length Mj-chy cDNA sequence (GenBank accession no. AB504528) from 
kuruma shrimp hepatopancreas was obtained by PCR amplification. The sequence is 1041 
bp and contains a 816-bp open reading frame (ORF), a 6-bp 5’ untranslated region (UTR) 
and a 219-bp 3’ UTR with a canonical polyadenylation signal sequence (AATAAA) and a 
polyA tail. This cDNA encodes a protein consisting of 271 amino acids with a signal 
peptide of 17 amino acids and a trypsin-like SP domain of 219 amino acids. The catalytic 
triad (at positions His86, Asp132 and Ser223) and the six cysteine residues were conserved 
in Mj-chy. Three residues (Gly217, Gly246 and Ala251) that determine the substrate 
specificity of chymotrypsin were present in Mj-chy (Fig. 1). The deduced amino acid 
sequence of Mj-chy showed several structural features that are typical of SPs (Kraut, 1977; 
Hedstrom, 2002). The difference between trypsin and chymotrypsin is that Ser189 
(numbering as in bovine chymotrypsin) (Hartley, 1964) in trypsin is replaced with Asp at 
the bottom of the substrate-binding pocket. Although the substrate-binding pocket residues 
of SPs are variable, in chymotrypsins they usually consist of Ser189, Gly216 and 
Ala/Gly226 (Colebatch et al., 2002). One of the substrate-binding pocket residues of Mj-
chy was replaced by a Gly (at position 217). Because this substitution is also found in 
trypsin- and chymotrypsin-like proteases in the gut of the Hessian fly Mayetiola destructor 
(Zhu et al., 2005), we classified this gene as a chymotrypsin-like SP. Using the ProtParam 
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tool (http://ca.expasy.org/tools), the molecular weight and theoretical pI of the protein were 
calculated and found to be 28.81 kDa and 5.38, respectively. 
                                                 1               2 
    Mj-CHY          RIVGGVEATPHSWPHQAALFID---DMYFCGGSLISNEWVLTAAHCMDGA--GFVEVVLG 55 
    Fc-CHY          RIVGGVEATPHSWPHQAALFID---DMYFCGGSLISNEWVLTAAHCMDGA--GFVEVVLG 55 
    Lv-CHYBI        RIVGGVEATPHSWPHQAALFID---DMYFCGGSLISSEWVLTAAHCMDGA--GFVEVVLG 55 
    Lv-CHYBII       KIVGGTEAVPHSWPHQVALFID---GMYFCGGSLISSEWVLTAAHCMDGA--GFVDVVMG 55 
    Phc-CHY         KVVGGTEAVPHSVPYQLGLLLN---GS-FCGGSLITKRFVLTAAHCGVVT--KHPVVVMG 54 
    Tm-CHY1         RIISGSAASKGQFPWQAALYLTVSGGTSFCGGALISSNWILTAAHCTQGV--SGITAYLG 58 
    Ms-CHY          RIVGGSSSSVGQFPYQAGLVITLPRGTAACGGSLLSNRRVLTAAHCWWDG--QNQASRFV 58 
    Agr-CHY         RVINGRDAPPGSFKYQAGIIIN---GAGFCGGSLIRANYILTAAHCIDQA--TETQVILG 55 
    Aga-CHY1        RVVGGEVAKNGSAPYQVSLQVPG--WGHNCGGSLLNDRWVLTAAHCLVGHAPGDLMVLVG 58 
    Aga-CHY2        RVVGGVVAKNCSAPYQVSLQVPG--WGHNCGGSLLNDRWVLTAAHCLVGYEPSDLMVLVG 58 
                    :::.*  :   .   * .: :        ***:*:  . :******            .  
 
    Mj-CHY          AHNIREN-EASQVSIVSTDFFTHENWNSWLLTNDIALIKLPSPVSTNS-NIKTVRLPS-- 111 
    Fc-CHY          AHNIREN-EASQVSIVSTDFFTHENWNSWLLTNDIALIRLPSPVSTNS-NIKTVRLPS-- 111 
    Lv-CHYBI        AHNIRQN-EASQVSITSTDFFTHENWNSWLLTNDIALIRLPSPVSLNS-NIKTVKLPS-- 111 
    Lv-CHYBII       AHNIREN-EDTQVTMTSTDFFTHENWNSFLLTNDLALIRLPNAVEFTD-NISTVKLPS-- 111 
    Phc-CHY         AHKITEK-EPNQVAMTGKNVVVHKQYSPNTLRNDIALVELPEDAPLSQ-YVQLVKLAA-- 110 
    Tm-CHY1         VVSLSD---SSRVTAQASRVVAHPSYSSSTLANDIALIQLSTSVATST-NIRTISLSS-S 113 
    Ms-CHY          VVLGSNRLFSGGVRLETRDIVMHGSWNPNLVRNDIAMIRLPSNVGFNN-NINVIALPSGS 117 
    Agr-CHY         HHVIQEALNTHQVIVS-RRHYVHPGWNPNVLQNDIALIKLPNKVDLNNPTIEIIQLAS-- 112 
    Aga-CHY1        TNSLKEG----GELLKVDKLLYHSRYNLPRFHNDIGLVRLEQPVQFSE-LVQSVEYSE-- 111 
    Aga-CHY2        TNSLKEG----GELLKVDKLLYHSRYNRPQFHNDIGLMRLEQPVQFSE-LVQSVEYLE-- 111 
                         :                *  :.   . **:.::.*   .  .   :  :       
                                                              3               4   
    Mj-CHY          RDIS--VGTTVTPTGWGRPSDSASGTSDVLRQVDVPIMTNDECNNVYG--IVGDG-VVCI 166 
    Fc-CHY          SDVS--VGTTVTPTGWGRPSDSASGISDVLRQVNVPVMTNDECNSVYG--IVGDG-VVCI 166 
    Lv-CHYBI        SDVS--VGTTVTPTGWGRPSDSASGISDVLRQVNVPVMTNNDCDSVYG--IVGDG-VVCI 166 
    Lv-CHYBII       SDVA--VGTTVTPTGWGRPSDSTGSISNVLRQVDVPIMTNDDCNAVYG--IVGNG-VVCI 166 
    Phc-CHY         VDAGLFVGETARVSGWGRAYDSSTTISPVLRVVESNILTNEECRKRFGF-AVFKS-VICL 168 
    Tm-CHY1         TLGT---GASVTVSGWGRTSDSSSSISQTLNYVGLSTISNTVCANTYG--SIIQSGIVCC 168 
    Ms-CHY          QLNLNFAGERAIASGFGRTRDG-ANIDGSLNHVTLDVIANNVCSRTFP--LLIQSSNICT 174 
    Agr-CHY         KRSSDFANANAVLSGWGRTSDASNTIANRLQNVNLEVLSNLRCRLAFLG-QIVNDDHVCT 171 
    Aga-CHY1        KAVP--ANATVRLTGWGRTSAN-GPSPTLLQSLNVVTLSNEDCNKKGGDPGYTDVGHLCT 168 
    Aga-CHY2        KAVP--VNATVRLTGWGRTSTN-GNVRTLLQSLNVVTLSNEDCKAKMGNPENVDFPDVCT 168 
                           .  .  :*:**.          *. :    ::*  *          .   :*  
                               5                             6 
    Mj-CHY          DGAGGKG---TCNGDSGGPLNYNG----MTYGITSFGSSAGCEVGYPAAFTRVHYYLDWI 219 
    Fc-CHY          DGTGGKS---TCNGDSGGPLNLNG----MTYGITSFGSSAGCEKGYPAAFTRVHYYLDWI 219 
    Lv-CHYBI        DGTGGKS---TCNGDSGGPLNLNG----MTYGITSFGSSAGCEKGYPAAFTRVYYYLDWI 219 
    Lv-CHYBII       DSEGGKG---TCNGDSGGPLNLNG----MTYGITSFGSSAGCEAGYPDAFTRVYYYLDWI 219 
    Phc-CHY         DGSQKKS---SCNGDSGGPLVVKTEEGEVQVGVVSYGSSAGCEKGFPAGFSRVTSFVDWV 225 
    Tm-CHY1         TGSTIQS---TCNGDSGGPLVTGSGTSAVHVGIVSFGSSAGCAKGYPSAYTRTAAYRSWI 225 
    Ms-CHY          SGANGRS---TCHGDSGGPLAATRNNRPLLIGVTSFGHRDGCQRGHPAAFARVTSYDAWI 231 
    Agr-CHY         SGSGPQGNVGACNGDSGGPLVVDNKQ----IGVVSFGMVR-CEAGFPTVFARVSSYEDFI 226 
    Aga-CHY1        LTKTGEG---ACNGDSGGPLVYEG----KLVGVVNFG--VPCALGYPDGFARVSYYHDWV 219 
    Aga-CHY2        LTKAGEG---ACNGDSGGPLVYEG----KLVGVVNFG--VPCGRGFPDGFARVSYYHEWV 219 
                         ..   :*:*******           *:..:*    *  *.*  ::*.  :  :: 
 
Fig. 1 Multiple alignment of trypsin-like serine protease domain amino-acid sequences of 
chymotrypsin from kuruma shrimp and other animals. Fc-CHY, Fenneropenaeus chinensis 
chymotrypsin-like serine protease (ACC68669); Lv-CHYBI, Litopenaeus vannamei 
chymotrypsin BI (CAA71672); Lv-CHYBII, L. vannamei chymotrypsin BII (CAA71673); 
Phc-CHY, Pediculus humanus corporis chymotrypsin-like serine proteinase (AAV68346); 
Tm-CHY1, Tenebrio molitor chymotrypsin 1 (ABC88746); Ms-CHY, Manduca sexta 
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chymotrypsin (2120321A); Agr-CHY, Anthonomus grandis chymotrypsin-like serine 
proteinase (AAT09847); Aga-CHY1, Anopheles gambiae chymotrypsin 1 (CAA79325); 
and Aga-CHY2, A. gambiae chymotrypsin 2 (CAA79326). The three residues in the 
catalytic triad (H, D, and S) are shown with black backgrounds. Closed circles indicate the 
positions of residues that are known to occupy the substrate-binding pockets of 
chymotrypsin. Conserved cysteine residues are shown with gray backgrounds. Conserved 
amino acids are shown with an asterisk, whereas colon and dot symbols indicate high and 
low levels of amino acid similarity, respectively. 
 
Homology and Phylogenetic Analysis of Mj-chy  
A GenBank BLASTP search revealed that Mj-chy was highly homologous with 
chymotrypsins from F. chinensis [chymotrypsin-like serine protease (ACC68669, 95%)] 
and L. vannamei [chymotrypsin BI (CAA71672, 91%) and chymotrypsin BII (CAA71673, 
90%)]. Mj-chy also exhibited a high degree of similarity to serine collagenase 1 precursor 
from Atlantic sand fiddler crab Celuca pugilator (AAC47030, 74%), collagenolytic SP 
from the red king crab Paralithodes camtschaticus (AAL67441, 72%), and SP 13 from the 
grass grub beetle Costelytra zealandica (ABZ04021, 49%). Phylogenetic analysis revealed 
that Mj-chy clustered with invertebrate chymotrypsins and showed high identity to 
chymotrypsin-like SP from F. chinensis and chymotrypsin BI from L. vannamei (Fig. 2).  
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 Fig. 2 Phylogenetic analysis of Mj-chy and other chymotrypsins. Neighbor-joining (NJ) 
was done with MEGA4 software. A bootstrap test of the NJ analysis was conducted to 
evaluate reliability of each branch in the phylogenetic tree. Each number in a branch 
indicates the percentage of bootstrap values estimated from 1000 bootstrap replicates. Mj-
chy, M. japonicus chymotrypsin-like serine protease;  Fc-CHY, F. chinensis chymotrypsin-
like serine protease (ACC68669); Lv-CHYBI, L. vannamei chymotrypsin BI (CAA71672); 
Lv-CHYBII, L. vannamei chymotrypsin BII (CAA71673); Phc-CHY, P. humanus corporis 
chymotrypsin-like serine proteinase (AAV68346); Pc-CHY, Phaedon cochleariae 
Chymotrypsin (CAA76928); Tm-CHY1, T. molitor chymotrypsin 1 (ABC88746); Ms-
CHY, M. sexta chymotrypsin (2120321A); Agr-CHY, A. grandis chymotrypsin-like serine 
proteinase (AAT09847); Aga-CHY1, A. gambiae chymotrypsin 1 (CAA79325); Aga-
CHY2, A. gambiae chymotrypsin 2 (CAA79326); Mm-CHYA, Mus musculus 
chymotrypsin A CTRA-1 (AAL11034); Bt-CHYA, Bos taurus chymotrypsinogen A 
(P00766); Bt-CHYB, B. taurus chymotrypsinogen B (P00767); Gm-CHYB, Gadus 
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morhua  chymotrypsin B (P80646); Sa-CHYB, Sparus aurata chymotrypsin B-like protein 
(AAT45258); and Od-CHYB, Oikopleura dioica chymotrypsin B-like protein 
(AAT47850). 
 
Tissue Distribution of Mj-chy mRNA   
Mj-chy transcripts were detected by RT-PCR in the hepatopancreas, stomach and 
intestine, but not in hemocytes, heart, muscle, gills or lymphoid organ of normal kuruma  
shrimp (Fig. 3). Chymotrypsin BI and BII from L. vannamei and chymotrypsin-like SP 
from F. chinensis were also detected in the hepatopancreas (Sellos and Van Wormhoudt, 
1992, 1999; Shi et al., 2008).  
 
Fig. 3 Expression of Mj-chy in various tissues examined by RT-PCR. EF-1 α was used as 
an internal control. Lane 1 hemocytes, lane 2 heart, lane 3 muscle, lane 4 gills, lane 5 
hepatopancreas, lane 6 lymphoid organ, lane 7 stomach, and lane 8 intestine. 
 
Expression Profile of Mj-chy after Peptidoglycan (PG) Stimulation 
RT-PCR and quantitative real-time PCR were performed to determine the effect of 
PG on Mj-chy mRNA levels in defense-related tissues (i.e., hemocytes, lymphoid organ 
and hepatopancreas) of kuruma shrimp. One day after PG injection, Mj-chy transcripts in 
defense-related tissues (hemocytes, lymphoid organ and hepatopancreas) of kuruma shrimp 
was significantly induced by PG injection (Fig. 4). Other kuruma shrimp genes that are 
induced by PG include the genes for serine proteinase homolog (SPH) and α2-
macroglobulin, and some antimicrobial peptides were reported to be induced after PG 
77 
stimulation (Rattanachai et al., 2004a, 2004b, 2005; Fagutao et al., 2008). Even though 
kuruma shrimp SPH is also a member of the SP family, kuruma shrimp SPH differs from 
Mj-chy in that it has conserved His141, Asp187 and Gly285 residues for the catalytic triad, 
and three residues (Asn279, Gly308 and Gly318) that determine the substrate-binding 
pockets of trypsin in the SP-like domain. Furthermore, kuruma shrimp SPH transcripts are 
expressed mainly in hemocytes (Rattanachai, 2005). These differences may indicate that 
SP and SPH have different biological functions, although they both probably encode 
proteins that are involved in immune responses.  
 
A 
 
B 
      
Fig. 4 Expression profiles of Mj-chy mRNA in defense-related tissues (i.e., hemocytes, 
lymphoid organ and hepatopancreas) of kuruma shrimp at 0, 1, 3 and 7 days post-PG 
injection, determined by RT-PCR (A) and quantitative real-time PCR (B). EF-1 α mRNA 
Hemocytes                   Lymphoid organ                   Hepatopancreas 
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levels were used as an internal control. Data are presented as mean + SD of triplicates. 
Column bars with asterisks indicate values that are significantly different from those on 
day 0 (P < 0.05).  
 
 In conclusion, an Mj-chy was cloned and its expression characterized. The Mj-chy 
transcript contains a 816-bp ORF encoding a protein of 271 amino acids. The protein 
includes a signal peptide of 17 amino acids, a trypsin-like SP domain of 219 amino acids, a 
catalytic triad (His86, Asp132 and Ser223), and a substrate-binding pocket (Gly217, 
Gly246 and Ala251). Mj-chy exhibits high identity to a chymotrypsin-like SP from F. 
chinensis and chymotrypsin BI from L. vannamei. Mj-chy transcripts were detected in the 
hepatopancreas, stomach and intestine. Administration of immunostimulants has been 
reported to prevent infectious diseases in fish and shellfish (Sakai, 1999; Smith et al., 
2003). Dietary administration of PG increases the resistance of kuruma shrimp to Vibrio 
penaeicida (Itami et al., 1999) and increases the resistance of Pacific white shrimp to white 
spot syndrome virus (WSSV) (Song et al., 2005). One day after PG injection, Mj-chy 
transcripts in all defense-related tissues were significantly more abundant than they were in 
the control group (P < 0.05). Our results suggest that the Mj-chy may be involved in the 
defense system induced by PG. 
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CHAPTER 4 
_________________________________________________________________________ 
4.1 Abstract 
Leucine-rich repeats (LRRs) are short sequence motif present in a number of 
proteins with diverse functions and cellular locations, all of which appear to be involved in 
protein-protein interactions in both plants and animals. In this study, the mRNA encoding 
LRR-containing protein (MjLRR) from a kuruma shrimp Marsupenaeus japonicus 
hepatopancreas was identified by 5’-end serial analysis of gene expression. The transcript 
of MjLRR consists of 2,602 bp with a 1,215-bp of open reading frame encoding 404 amino 
acids. The deduced protein contains a high proportion of leucine residues (16%) and had 
significant homology to LRR-containing proteins from arthropods to humans. Thirteen 
tandem LRR motifs of 21-24 amino acids in length occurred in the sequence. In a 
phylogenetic analysis, the peptides clustered with invertebrates LRR-containing proteins 
and were closely related to black tiger shrimp Penaeus monodon LRR protein. MjLRR was 
highly expressed in hemocytes, heart, lymphoid organ and hepatopancreas. Moreover, our 
results showed that after peptidoglycan stimulation, MjLRR exhibited increased expression 
in defense-related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas), whereas 
after white spot syndrome virus challenge, MjLRR exhibited decreased expression in 
defense-related tissues.  
 
4.2 Introduction 
Leucine-rich repeats (LRRs) are versatile binding motifs of 20-30 amino acid long 
protein segments that are unusually rich in the hydrophobic amino acid leucine. They are 
present in more than 6,000 proteins in different organisms ranging from viruses to 
eukaryotes (Matsushima et al., 2007). The LRR sequences can be divided into a highly 
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conserved segment and a variable segment. The highly conserved segment contains an 11-
12 residue stretch with the consensus sequence LxxLxLxxN/CxL (the letter ‘x’ can be any 
amino acid, ‘L’ strands for leucine, ‘N’ strands for asparagine, and ‘C’ strands for 
cysteine), whereas the variable segment is quite diverse in length and consensus sequence 
(Kobe and Kajava, 2001; Bell et al., 2003). The structure of the LRRs and their 
arrangement in repetitive stretches of variable length generate a highly evolvable 
framework for the binding of manifold proteins and non-protein ligands (Dolan et al., 
2007). LRR-containing proteins constitute a large family of molecules playing roles in 
protein-protein interactions (Kobe and Deisenhofer, 1994) and in host defense systems, by 
sensing specific pathogen-associated molecules and activating innate immune system 
(Kedzierski et al., 2004).  
 Recently, LRR-containing proteins have been studied in both plants and animals. 
For instance, plant intracellular Ras group-related LRR proteins are probably involved in 
signal transduction in Arabidopsis thaliana (Forsthoefel et al., 2005). Leucine-rich repeat-
containing 8 (LRRC8) is required for B cell development (Sawada et al., 2003) and 
LRRC3B is a putative tumor suppressor gene that is silenced in gastric cancers by 
epigenetic mechanisms in human (Kim et al., 2008), whereas glycoprotein A repetitions 
predominant precursor and leucine-rich α2-glycoprotein may play a role in host-pathogen 
interactions after parasite infection in grass carp Ctenopharyngodon idellus (Chang et al., 
2005). In arthropods, LRR immune gene 1 and Anopheles Plasmodium-responsive LRR 1 
are important effectors in innate mosquito defenses against Plasmodium parasites (Riehle 
et al., 2008; Fraiture et al., 2009; Povelones et al., 2009). Even though LRR-containing 
proteins have been isolated in various organisms, it is yet to be studied thoroughly in 
crustaceans, particularly its relation to immunity. In fact, a crustacean LRR-containing 
protein has been only reported in black tiger shrimp Penaeus monodon (Sriphaijit and 
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Senapin, 2007). In this study, a LRR-containing protein (MjLRR) from the hepatopancreas 
of kuruma shrimp Marsupenaeus japonicus was cloned and the expression of its mRNA 
analyzed in various tissues. Moreover, expression of the gene was examined in defense-
related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) following 
peptidoglycan (PG) stimulation and white spot syndrome virus (WSSV) challenge. 
 
4.3 Materials and Methods 
Cloning and Sequencing of MjLRR cDNA 
A partial cDNA sequence of MjLRR from the 5’SAGE libraries was used to design 
specific primer for PCR amplification. The MjLRR cDNA was amplified from a normal 
kuruma shrimp hepatopancreas cDNA library performed in our laboratory. For the first 
nested PCR, specific primer F (5’-GAC AAT CCT CAG CTG CAC AA-3’) and 3’ anchor 
R1 primer (5’-AGT CAC GAC GTT GTA AAA CG-3’) were used to amplify the 3’ end of 
the MjLRR cDNA. The 5’ PCR primer F1 (5’-GGA TAA CAA TTT CAC ACA GG-3’) 
and 3’ anchor R2 primer (5’-CGT AAG CTT GGA TCC TCT AGA G-3’) were used to 
amplify the 5’ end of the MjLRR cDNA. The first nested PCR conditions were as follows: 
1 cycle at 95oC for 5 min; 35 cycles at 95oC for 30 s, 55oC for 30 s, and 72oC for 1 min; 
and 1 cycle at 72oC for 5 min. The first nested PCR products were used as templates in the 
second nested PCR. For the second nested PCR, specific primer F and 3’ anchor R primer 
were used to amplify the 3’ end of the MjLRR cDNA. The 5’ PCR primer F2 (5’-TTC 
CCG GGT CGA CCC ACG CGT C-3’) and 3’ anchor R2 primer were used to amplify the 
5’ end of the MjLRR cDNA. The second nested PCR conditions were as follows: 1 cycle at 
95oC for 5 min; 35 cycles at 95oC for 30 s, 55oC for 30 s, and 72oC for 1 min; and 1 cycle 
at 72oC for 5 min. The second nested PCR products were purified, cloned into the pGEM-
T easy vector (Promega, USA), and Escherichia coli strain JM109 was transformed with 
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the plasmids. The positive clones were screened by colony PCR with M13 forward and 
reverse primers. The colony PCR products were directly sequenced with an ABI 3130xl 
capillary sequencer using BigDye chemistry (Applied Biosystems, USA). 
 
Sequence Data Analysis 
 Nucleotide and amino acid sequences were analyzed using GENETYX WIN 
(version 7.0.3) software. Homology analysis and cleavage site prediction were 
accomplished with BLASTP (http://ncbi.nlm.nih.gov/). Conceptual translation was 
performed and the characteristics of the protein were predicted using the ExPASy web 
server (http://www.expasy.ch). The signal peptide was searched with SignalP (Nielsen et 
al., 1997). A multiple sequence alignment was created with ClustalW (Thompson et al., 
1994). An analysis for protein domains was accomplished by InterPro database (Apweiler 
et al., 2001). Subsequently, the neighbor-jointing phylogenetic tree was generated by 
MEGA4 software (Tamura et al., 2007).           
 
Tissue Distribution Analysis 
 In order to study the MjLRR expression in different organs of kuruma shrimp, total 
RNAs were isolated from hemocytes, heart, muscle, gills, hepatopancreas, lymphoid organ, 
stomach and intestine. The first-strand cDNAs were synthesized from 2 µg of the total 
RNAs using Moloney murine leukemia virus reverse transcriptase (MMLV; Invitrogen, 
USA). RT-PCR was performed to analyze the expression pattern of MjLRR using the 
following primer set MjLRR_F (5’-CGG GTG TTG GAT CTA GAG GA-3’) and 
MjLRR_R (5’-TTG TGC AGC TGA GGA TTG TC-3’). Elongation factor-1 α (EF-1 α) 
was amplified as an internal control using EF1_F (5’-TGG TTG TCA ACT TTG CCC C-
3’) and EF1_R (5’-TTG ACC TCC TTG ATC ACA CC-3’). One microlitre of the first-
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strand cDNA was used as the template in the PCR amplification. The RT-PCR reaction 
was conducted with an initial predenaturation step performed at 95oC for 5 min following 
by 20 cycles of 95oC for 30 s, 60oC for 30 s and 72oC for 30 s, and a final extension at 
72oC for 5 min. Ten microlitres of the amplified products were separated by 
electrophoresis with 1% agarose gel and visualized with ethidium bromide. 
 
Expression Analysis after Peptidoglycan (PG) Stimulation and White Spot Syndrome Virus 
Challenge 
 In order to study the MjLRR expression after PG stimulation, healthy kuruma 
shrimps, each weighing about 15 g, were acclimated to a salinity of 30 + 2 ppt for 7 days 
before experimentation, and then each individual shrimp was injected with PG diluted in 
PBS at 1 mg/kg body weight of shrimp. Hemocytes, lymphoid organs and hepatopancreas 
were dissected from six shrimps sampled before PG injection as an initial control and at 1, 
3 and 7 days post-PG injection. After this, the expression of MjLRR transcripts was 
examined by RT-PCR as described above. Briefly, total RNA was extracted from the 
tissues of three shrimps collected and pooled, and then first-stand cDNA was synthesized. 
The cDNAs were used as templates in the PCR amplification. The PCR products were 
electrophoresed in a 1% agarose gel containing ethidium bromide. In addition, MjLRR 
mRNA expression levels were also determined by quantitative real-time PCR. Total RNA 
isolation and first-strand cDNA synthesis were individually performed for the tissues from 
three shrimps of each group. Primer sets for MjLRR (MjLRR_lF 5’-GAG AAG AAG CCG 
TCA ACC AG-3’, MjLRR_lR 5’-TGT TGA ACT CCT TAG ACA CA-3’, MjLRR_sF 5’-
CAG GTG GTG CGG GTT ATG G-3’ and MjLRR_sR 5’-TTG GCC TGT TCT TTT 
TGG AAG T-3’)  and for EF-1 α (EF1_lF 5’-GAA CGT TTC AAG GGA ATC CA-3’, 
EF1_lR 5’-CCT CCA ATC TTG TAT ACG TC-3’, EF1_sF 5’-TGG GTT GGT GGA 
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AGA AGC A-3’ and EF1_sR 5’-TCG AAG AGG GTC TCG AAT TCA-3’) were 
designed with ABI Primer Express Software version 3.0 (Applied Biosystems). 
Quantitative real-time PCR assays were performed in 20 µl reaction volume consisting of 5 
µl template cDNA (2 µg/ml), 0.4 µl of both forward and reverse primers (10 pM), 10 µl 
Power SYBR Green Master Mix (Applied Biosystems, USA), and 4.2 µl distilled water. 
All reactions were done in triplicate. Real-time PCR analysis was performed on an 
ABI7300 real-time PCR system (Applied Biosystems) following the manufacturer’s 
protocol. Expression levels were measured by the 2-∆∆CT method (Livak and Schmittgen, 
2001). EF-1 α mRNA levels were used as an internal control. Differences in expression 
were measured by one-way analysis of variance followed by the Tukey significant 
difference test using SPSS 16.0 software. P values < 0.05 were considered significant.   
 In order to study the MjLRR expression after challenge with WSSV, apparently 
healthy kuruma shrimps, each weighing about 10 g, were acclimated to the laboratory 
condition for 7 days before experimentation, and then shrimps were injected with 50 µl of 
WSSV stock suspension. Hemocytes, lymphoid organs and hepatopancreas were dissected 
from three shrimps sampled before WSSV injection as an initial control and at 1, 3 and 5 
days post-WSSV injection. The expression of MjLRR transcripts was examined by RT-
PCR as described above, and then 10 µl of the amplified products were separated by 
electrophoresis with 1% agarose gel and visualized with ethidium bromide.  
 
4.4 Results and Discussion 
cDNA Cloning and Sequence Analysis of MjLRR 
After the 5’ SAGE libraries had been constructed and sequenced, the individual 
tags generated from kuruma shrimp hepatopancreas of the control and PG-stimulated 
shrimp at day 1 post-stimulation were compared using the Audic-Claverie statistical test. 
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The results showed that the unique tag no. 22 (5’-CCA CAT AGG CCG TCT TCA GC-3’) 
was highly expressed in PG libraries (data not shown). Subsequently, a 316-bp fragment 
was obtained after identifying the gene from this 5’ SAGE tag sequence. The result of 
BLAST revealed that this fragment was highly homologous to the leucine-rich glioma-
inactive protein 1 precursor of Pacific white shrimp Litopenaeus vannamei (GenBank 
accession no. DQ858934, 77% identity).  
 The full-length MjLRR cDNA sequence from kuruma shrimp hepatopancreas was 
obtained by PCR amplification. The sequence is 2,602 bp and contains a 1,215-bp of open 
reading frame (ORF) encoding 404 bp amino acids, a 174-bp of 5’ untranslated region 
(UTR) and a 1,213-bp of 3’ UTR with a polyadenylation signal sequence (AATAAA) and 
a polyA tail (Fig. 1). Using the ProtParam tool, we found that the ORF of MjLRR encoded 
putative protein of 404 amino acid residues with calculated molecular weight of 44.95 kDa 
and predicted theoretical pI of 8.53. The deduced MjLRR protein contains 65 leucine 
residues (16% of total) and 13 tandem LRR motifs from amino acids 104 to 404. The 
presence of several repeats with 21-24 amino acids containing a remarkable periodicity of 
leucine residues in MjLRR, implied that it belongs to the LRR superfamily.  
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AGAGATTGCTGCGACCGAGCCGATGCGAAGCAGAACTCCGCTTTTTGGCGTAGATTTTGC 
CGCAAAGCCCCCCGCTGCCGCGTCTGTTTCCACACGCGAGACACCCTGGGATACGGAAGA 
GGATTTTACACGCCAAATCTGCATTATGAGGTGGAAGGCACAAAGGCTGAGGTGATGAGA 
                                                          M  R   2 
AAGACAGTTAAATCTCGGTCTACTGAGAGCTCTGCTGCTGCCGAGCGTTTAGCCGACTAT 
    K  T  V  K  S  R  S  T  E  S  S  A  A  A  E  R  L  A  D  Y  22 
AAAGGAGATGAGAAGAAGCCGTCAACCAGCTCACTGGGGCGAGGGCAACCCGCAGGTCAG 
    K  G  D  E  K  K  P  S  T  S  S  L  G  R  G  Q  P  A  G  Q  42 
GTGGTGCGGGTTATGGTGGATGACTCAAAGCCCAAACACACTTCCAAAAAGAACAGGCCA 
    V  V  R  V  M  V  D  D  S  K  P  K  H  T  S  K  K  N  R  P  62 
ATCCAAGCAGACCTTGATGTGTCTAAGGAGTTCAACAGATGCAAAGATGATGGAGCCCTT 
    I  Q  A  D  L  D  V  S  K  E  F  N  R  C  K  D  D  G  A  L  82 
AGGTTGGACCTTAGCAACTCTAGCATCAGCCAGATCCCTTCTTCAGTGCACAATCTCACA 
    R  L  D  L  S  N  S  S  I  S  Q  I  P  S  S  V  H  N  L  T 102 
CACCTTGTGGAGTTTTACCTGTACAGCAACAAGCTTACCACACTACCCCCAGAGATAGGA 
    H  L  V  E  F  Y  L  Y  S  N  K  L  T  T  L  P  P  E  I  G 122 
TGTCTGGTCAACCTACAAACACTAGGATTGTCAGAAAACTCCCTGACCTCACTGCCCGAC 
    C  L  V  N  L  Q  T  L  G  L  S  E  N  S  L  T  S  L  P  D 142 
ACTTTGGCCAACCTGGAGAAGCTGCGTGTACTGGACCTCCGTCACAACAAGCTATGTGAG 
    T  L  A  N  L  E  K  L  R  V  L  D  L  R  H  N  K  L  C  E 162 
ATCCCAGATGTGGTGTACAAACTCACCTCTCTCATCACGCTTTATCTCAGGTTCAACAGG 
    I  P  D  V  V  Y  K  L  T  S  L  I  T  L  Y  L  R  F  N  R 182 
ATCAGGGTCGTTGGCGAAGACATAAGAAACCTTAAAAATTTAATAACTTTATCATTACGA 
    I  R  V  V  G  E  D  I  R  N  L  K  N  L  I  T  L  S  L  R 202 
GGAAACAAAATTCGGCAACTGCCAGCAGGCATTGGTGAGTTGACAGGTTTGGCAACGCTG 
    G  N  K  I  R  Q  L  P  A  G  I  G  E  L  T  G  L  A  T  L 222 
GACGTAGCCCACAATCATTTGGAGCACCTGTCAGAAGAGATTGGGAATTGCATGTGCCTG 
    D  V  A  H  N  H  L  E  H  L  S  E  E  I  G  N  C  M  C  L 242 
CAGACTCTCCACCTGCAACACAACGAGCTCCTTGACCTACCACAAAGCATTGGCTATCTG 
    Q  T  L  H  L  Q  H  N  E  L  L  D  L  P  Q  S  I  G  Y  L 262 
AGAAATTTAACCTGCTTGGGACTCAAGTATAATCGGTTGACAGCCGTCCCACGATCACTT 
    R  N  L  T  C  L  G  L  K  Y  N  R  L  T  A  V  P  R  S  L 282 
AGCAAGTGCATACACCTTGACGAATTCAATGTTGAGGGCAACCAGATCTCACAACTCCCA 
    S  K  C  I  H  L  D  E  F  N  V  E  G  N  Q  I  S  Q  L  P 302 
GAAGGACTCCTGAGCTCCCTCTCCAACCTCTCTTCCCTCACTCTGTCACGCAATGCCTTC 
    E  G  L  L  S  S  L  S  N  L  S  S  L  T  L  S  R  N  A  F 322 
AACTCTTACCCTGTAGGAGGCCCTTCCCAGTTCACCAATGTGCACTCCATTAATCTAGAG 
    N  S  Y  P  V  G  G  P  S  Q  F  T  N  V  H  S  I  N  L  E 342 
CATAACCAGGTGGACAGGATCCCGTATGGCATTATCTCCCGAGCCAGGCACCTCACCAAG 
    H  N  Q  V  D  R  I  P  Y  G  I  I  S  R  A  R  H  L  T  K 362 
CTCAATATGAACTACAATGGGCTCACATCGCTCCCACTTGATATTGGGTCTTGGCAGAAT 
    L  N  M  N  Y  N  G  L  T  S  L  P  L  D  I  G  S  W  Q  N 382 
ATGGTGGAACTGAACTTGGGTACGAATCATTTGACAAAAGTCCCAGATGATATATCTTGT 
    M  V  E  L  N  L  G  T  N  H  L  T  K  V  P  D  D  I  S  C 402 
GTACAGTGATTAGAAGTTCTTATTTTGTCAAACAACAATCTCAGGAAAATTCCTTCAAGT 
                 V  Q  * 
ATAGGCAACTTACGCAAGCTTCGGGTGTTGGATCTAGAGGAGAATCGTCTAGAAGGTTTG 
CCACCTGAGATAGGGTTCCTTAAAGATCTACAAAGGCTTATAGTCCAATCAATTCAGCTT 
TCTGCTCTGCCACGTGCTCTGGGGCATTTAGTCAATCTACTTAACCTGAGTGTTGGTGAA 
AATCCTGTGAGTTACCTGCCAGAAGGAAATTGGGACTCTGGAGTCCCTTGAGACTTTATA 
CATCAATGACAATCCTCAGCTGCACAACCTACCCTTCGAGTTGGCACTCTGCACAAATTT 
GCAGATTATGTCTATTGAAAACTGTCCTTTGAGTCAGATACCTCCTGAGATTGTGGCTGG 
TGGCCCATCTTATGTTATCCAATTTTTGAAAATGCAGGGTCCATACCGCACAATGTGAGG 
GTGAAGTCCCTCTTTGCCAGGAGTCACGTCGGGAGGTCCGAGCAGACATGCATCAAGAGG 
AGCAGTCTCAGTGGCTGTTGCTCCCTGGCCGTGCTCTGCCTCTCCTGCACCTCTTACACT 
GTTCCTGCTGCTCCTTCACCCATAATTGTATTTGCTGCTTGTGGTTCAGGCTGGCACAAC 
AGCTGTGGTTCATGTCCTTACTGCTTGTGGTTCAGGCTCATGTGACAGCCTGTCATCTGT 
GTTGTCACCGATGGCAAATTAAAGGAGTCTTGCCTGTGGACGTGAAACCCAGCAGCCATC 
TGTGGCATTTGGGTGGAAGCAGAGAGAAGCTTGGATGTGTCAGGGATGCAGGCTGCCCAT 
GTGAAATGTGATATTGTGCTTTTCTTGTTAGGTATAAGTGTGTTGCCAAGCCAGGCTAGA 
GGAGCACAAGGTGGTAACTGAAACCTGGCCTGGCTTTGGTCATGTCTGGTCTGAGAAGCA 
TGGTATGGGACAGTGGTAATGGCAGGGTAGGTGGCCCCCCATCCACTCCACCAGTCCTTG 
TACTGATCACAGGAGGTATGATCAAGTAGGAAAAGGCCTCTTTGCTGGTATGTCTAAGGT 
TGAGCACAACTTTAGCTTCATACTGAAACTGTATCAGCCGTACTCTGTTCATACTGATGG 
TCGCAATGCAAGGAGGAGGGCCCCCTTCCCCCATTCAACAATCATTAATAAAGAAATACA 
                AAAAAAAAAAAAAAAAAAAAAA 
Fig. 1 Complete full-length MjLRR cDNA and deduced amino acid sequence. The amino 
acids are numbered on the right margin. Start codon (ATG) is boxed, asterisk indicates 
stop codon (TAA), and the polyadenylation signal (AATAAA) is underlined. Thirteen 
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leucine-rich repeats (LRR) domains are shaded with gray background. Bold letters indicate 
leucine residues  
 
Because all LRR motifs are divided into a highly conserved part and a variable part 
(Kajava et al., 1995; Ohyanagi and Matsushima, 1997), MjLRR motif is also divided into 
two parts. As shown in Fig. 2, the highly conserved part consists of a 11-residue stretch at 
position 1-11, LxxLxLxxNxL, whereas the variable part comprises of a 12-residue stretch 
at position 12-23, xxLPxxoGxLxx, in which ‘P’ is proline, ‘o’ is a non-polar residue, and 
‘G’ is glycine or another hydrophobic residue. Recently, it was proposed that LRR-
containing proteins can be subdivided into eight classes by different lengths and consensus 
sequences of the variable parts of the repeats (Kobe and Kajava, 2001; Bell et al., 2003). 
Although there was no phenylalanine (F) at position 19 in the variable part, the consensus 
of LRR motif of MjLRR suggested that it belongs to the ‘typical’ class which mostly 
localize in extracellular fluid (Kajava, 1998) and may be involved in immune responses in 
animals (Wei et al., 2008). Furthermore, the 11-residue segment (LxxLxLxxNxL) in 
MjLRR is in correspondence with the known structure of the β-strand and consecutive loop 
regions, which are conserved in all LRR-containing proteins (Enkhbayar et al., 2004).  
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      1              10                20   23                                          
        LRR1  L VE F Y L YS N K L TT L P PE I G C L VN  104-126 
     LRR2  L QT L G L SE N S L TS L P DT L A N L EK  127-149 
     LRR3  L RV L D L RH N K L CE I P DV V Y K L TS  150-172 
     LRR4  L IT L Y L RF N R I RV V G ED I R N L KN  173-195 
     LRR5  L IT L S L RG N K I RQ L P AG I G E L TG  196-218 
     LRR6  L AT L D V AH N H L EH L S EE I G N C MC  219-241 
     LRR7  L QT L H L QH N E L LD L P QS I G Y L RN  242-264 
     LRR8  L TC L G L KY N R L TA V P RS L S K C IH  265-287 
     LRR9  L DE F N V EG N Q I SQ L P EG L L S S LSN 288-311 
     LRR10 L SS L T L SR N A F NS Y P VG G P S Q FTN 312-335 
     LRR11 V HS I N L EH N Q V DR I P YG I I S R ARH 336-359 
     LRR12 L TK L N M NY N G L TS L P LD I G S W QN  360-382 
     LRR13 M VE L N L GT N H L TK V P DD I S C V Q   383-404 
Consensus  L xx L x L xx N x L xx L P xx o G x L xx 
sequence 
Fig. 2 Sequence alignment of the individual LRRs in the deduced MjLRR protein. The 
consensus sequence of the ‘typical’ LRR subfamily is shown below. X refers to any amino 
acids; L, leucine or bulky, non-polar residues; N, asparagines; P, proline; o, non-polar 
residues; and G, glycine or another hydrophobic residue. Boxes denote the position of the 
conserved amino acids in the consensus sequence  
 
Homology and Phylogenetic Analysis of MjLRR  
A GenBank BLASTP search revealed that MjLRR shared high homology with 
LRR-containing protein from P. monodon [LRR protein (ABC87809, 97%)]. MjLRR also 
had high similarities to shoc-2 from jewel wasp Nasonia vitripennis (XP_001603998, 
71%), shoc-2 from red flour beetle Triboloium castaneum (XP_968188, 67%), sur-8 from 
fruit fly Drosophila melanogaster (NP_732231, 65%) and sur-8 from honey bee Apis 
mellifera (XP_396017, 64%). Interestingly, MjLRR was highly similar to shoc-2, soc-2 
and sur-8 from arthropods to humans. The deduced amino acid sequences of shoc-2, soc-2 
and sur-8 also contain multiple LRR and these proteins are involved in intracellular 
signaling pathways. Shoc-2 and soc-2 are implicated in fibroblast growth factor receptor 
signaling in Caenorhabditis elegans (Selfors et al., 1998), while sur-8 may functions as a 
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scaffold that enhance Ras-mitogen activated protein (MAP) kinase signal transduction by 
facilitating the interaction between Ras and Raf in human (Sieburth et al., 1998; Li et al., 
2000).  Due to a lack of information about crustacean LRR-containing protein in GenBank 
database, the full-length LRR-containing protein sequences from the first 20 distinct 
genera giving high similarities in the BLASTP search were used to compare with MjLRR 
sequence. The phylogenetic tree showed that MjLRR clustered with LRR-containing 
proteins of other arthropods and was closely related P. monodon LRR protein (Fig. 3).  
 
Fig. 3 Phylogenetic tree showing the relationship amongst LRR-containing protein 
sequences aligned using ClustalW and was used to construct a phylogenetic tree using the 
neighbour-joining (NJ) method within MEGA4 software. A bootstrap test of the NJ 
analysis was conducted to evaluate reliability of each branch in the phylogenetic tree. Each 
number in a branch indicates the percentage of bootstrap values estimated from 1000 
bootstrap replicates. MjLRR, Marsupenaeus japonicus LRR-containing protein; PmLRR, 
Penaeus monodon LRR-containing protein (ABC87809); Nv shoc-2, Nasonia vitripenis 
shoc-2 (XP_001603998); Tc shoc-2, Tribolium castaneum shoc-2 (XP_968188); Am sur-8, 
 Bt soc-2
 Pa soc-2
 Hs soc-2
 Pt soc-2
 Mml soc-2
 Cf shoc-2
 Mms shoc-2
 Rn soc-2
 Md sur-8
 Dr soc-2
 Gg soc-2
 Xl soc-2
 MjLRR 
 PmLRR
 Cq shoc-2
 Aa shoc-2
 Dm sur-8
 Phc shoc-2
 Tc shoc-2
 Nv shoc-2
 Am sur-8
100
100
99
93
84
83
68
100
54
32 
88
98
94
94
53 
0.05
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Apis mellifer sur-8 (XP_396017); Phc shoc-2, Pediculus humanus corporis shoc-2 
(EE11275); Cq shoc-2, Culex quinquefasciatus shoc-2 (XP_001844363); Aa shoc-2, Aedes 
aegypti shoc-2 (XP_001649425); Dm sur-8, Drosophila melanogaster sur-8 (NP_732231); 
Gg soc-2, Gallus gallus soc-2 (NP_001026407); Md sur-8, Monodelphis domestica sur-8 
(XP_001368489); Dr soc-2, Danio rerio soc-2 (NP_001038251); Rn soc-2, Rattus 
norvegicus soc-2 (NP_001013173); Mml soc-2, Macaca mulatta soc-2 (XP_001087610); 
Bs soc-2, Bos taurus soc-2 (NP_001095413); Hs soc-2, Homo sapiens soc-2 (NP_031399); 
Mms shoc-2, Mus musculus shoc-2 (AAH26364); Cf shoc-2, Canis familiaris shoc-2 
(XP_864639); Pa soc-2, Pongo abelii soc-2 (NP_001126707); Xl soc-2, Xenopus laevis 
soc-2 (NP_001080350); and Pt soc-2, Pan troglodytes soc-2 (XP_001143999) 
 
Tissue Distribution of MjLRR mRNA   
RT-PCR was used to examine the distribution pattern of MjLRR in various tissues. 
Subsequent results showed that MjLRR was expressed in all tissues but at different levels 
when compared to internal control. A strong expression of MjLRR was observed in 
hemocytes, heart, lymphoid organ and hepatopancreas, while weak expression was 
detected in muscle, gills, stomach and intestine (Fig. 4). In black tiger shrimp, a strong 
expression of a LRR-containing protein was also detected in hemocytes and lymphoid 
organ, whereas weak expression was detected in hepatopancreas (Sriphaijit and Senapin, 
2007). This distinction indicated that MjLRR may have some significant functions in the 
hepatopancreas.    
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 Fig. 4 Expression of MjLRR in various tissues examined by RT-PCR. EF-1 α was used as 
an internal control. Lane 1 hemocytes, lane 2 heart, lane 3 muscle, lane 4 gills, lane 5 
hepatopancreas, lane 6 lymphoid organ, lane 7 stomach, and lane 8 intestine 
 
Expression Profile of MjLRR after Peptidoglycan (PG) Stimulation and White Spot 
Syndrome Virus (WSSV) Challenge 
RT-PCR and quantitative real-time PCR were performed to determine the effect of 
PG on MjLRR mRNA levels in defense-related tissues (i.e., hemocytes, lymphoid organ 
and hepatopancreas) of kuruma shrimp. The results showed that the transcripts of MjLRR 
after PG injection for 1 day were significantly higher compared with the unstimulated 
group (P < 0.05) in all defense-related tissues (Fig. 5). Other kuruma shrimp genes that are 
induced by PG include the genes for chymotrypsin-like serine protease, serine proteinase 
homolog (SPH), α2-macroglobulin, and some antimicrobial peptides were reported to be 
induced after PG stimulation (Rattanachai et al., 2004a, 2004b, 2005; Fagutao et al., 2008; 
Danwattananusorn et al., 2009).  
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A 
 
B 
             
Fig. 5 Expression profiles of MjLRR mRNA in defense-related tissues (i.e., hemocytes, 
lymphoid organ and hepatopancreas) of kuruma shrimp at 0, 1, 3 and 7 days post-PG 
injection, determined by RT-PCR (A) and quantitative real-time PCR (B). EF-1 α mRNA 
levels were used as an internal control. Data are presented as mean + SD in triplicates. 
Column bars with asterisks indicate values that are significantly different from those on 
day 0 (P < 0.05)  
 
Furthermore, the expression profile of MjLRR mRNA was also examined by RT-
PCR after WSSV challenge. The results showed that WSSV challenge caused the 
decreased expression of MjLRR transcripts in defense-related tissues compared with initial 
control (Fig. 6). In the previous study, P. mododon LRR protein also showed a decreased 
    Hemocytes                      Lymphoid organ                     Hepatopancreas 
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expression after WSSV and yellow head virus (YHV) challenges (Sriphaijit and Senapin, 
2007). 
 
 
Fig. 6 Expression profiles of MjLRR mRNA in defense-related tissues (i.e., hemocytes, 
lymphoid organ and hepatopancreas) of kuruma shrimp at 0, 1, 3 and 5 days post-WSSV 
injection, determined by RT-PCR. EF-1 α mRNA levels were used as an internal control 
 
In conclusion, an MjLRR was cloned and its expression characterized. The MjLRR 
transcript contains a 1,215-bp of ORF encoding a protein of 404 amino acids. The deduced 
protein contains a high proportion of leucine residues (16%) and had significant homology 
to LRR-containing proteins from arthropods to humans. Thirteen tandem LRR motifs of 
21-24 amino acids in length occurred in the primary sequence. MjLRR has high identities 
to a LRR-containing protein from P. monodon. MjLRR transcripts were highly expressed 
in hemocytes, heart, lymphoid organ and hepatopancreas. Moreover, expression analysis 
revealed that MjLRR exhibited increased expression in defense-related tissues (i.e., 
hemocytes, lymphoid organ and hepatopancreas) after PG stimulation, whereas MjLRR 
exhibited decreased expression in defense-related tissues after WSSV challenge. Our 
results suggest that the MjLRR may be involved in the shrimp defense system induced by 
PG. 
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heat shock protein 40, 70 and 90 from kuruma shrimp 
Marsupenaeus japonicus  
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CHAPTER 5 
_________________________________________________________________________ 
5.1 Abstract 
Heat shock proteins (HSPs) are a group of protein the expression of which is 
increased when the cells are exposed to physiological and stressful conditions. In this 
study, the full-length complementary DNAs (cDNAs) of heat shock protein 40 (MjHSP40), 
70 (MjHSP70) and 90 (MjHSP90) were cloned from kuruma shrimp Marsupenaeus 
japonicus. The cDNA clones are 1,191-, 1,959- and 2,172-bp of open reading frames 
(ORFs), respectively. The ORFs encode 396-, 652- and 723-amino acid residues, 
respectively. A J domain, a glycine/phynylalanine-rich region and a central domain 
containing four repeat of a CxxCxGxG motif were found in the predicted MjHSP40 amino 
acid sequence; we therefore, classified it as a type I HSP40 homolog. The conserved 
signature sequences of HSP70 and HSP90 gene families were also found in the MjHSP70 
and MjHSP90 amino acid sequences. The deduced amino acid sequences of MjHSP70 and 
MjHSP90 shared high identity with previously reported shrimp HSP70s and HSP90s, 
respectively. The expression of MjHSP90 messenger RNA (mRNA) increased at 32oC. 
Additionally, MjHSP40, MjHSP70 and MjHSP90 mRNAs exhibited increased expression 
in defense-related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) when 
shrimps were challenged by white spot syndrome virus. 
 
5.2 Introduction 
Heat shock proteins (HSPs), a family of ubiquitous proteins in both eukaryotes and 
prokaryotes, function as molecular chaperones known to participate in protein folding, 
transport and assembly and are synthesized in response to a variety of stresses, including 
extremes of temperature, cellular energy depletion and extreme concentrations of ions, 
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other osmolytes, gases and various toxic substances (Feder and Hofmann, 1999). HSP 
genes can be assigned to families on the basis of the sequence homology and molecular 
weight of proteins; therefore, these genes have been divided into families such as HSP110, 
HSP100, HSP90, HSP70, HSP60, HSP40 and HSP20 (Nover and Scharf, 1997). 
HSP40 (or DnaJ) proteins have been preserved throughout evolution and are 
important for protein homeostasis, which they ordinarily induce by stimulating the 
adenosine triphosphatase (ATPase) activity of the HSP70 proteins (Qiu et al., 2006). The 
HSP40 family is large, for instance, the genome for Saccharomyces cerevisiae and Homo 
sapiens encode 20 and 44 members, respectively (Cyr et al., 1994; Cheetham and Caplan 
1998; Venter et al., 2001). All the members of HSP40 family contain a J domain, 70-amino 
acid in length, that is responsible for interactions with HSP70 (Hill et al., 1995; Qian et al., 
1996). HSP40s  can be classified into three subtypes (Cheetham and Caplan, 1998). Type I 
HSP40s are similar to Escherichia coli DnaJ with a J domain, a glycine- and 
phenylalanine-rich (G/F-rich) region and a cysteine-rich, zinc finger-like region (ZFLR). 
Type II HSP40s possess the J domain and G/F-rich region, whereas types III HSP40s 
contain only the J domain. Action of the J domain alone is adequate to enable HSP70 to 
perform its essential cellular function (Sahi and Craig, 2007). Recent studies suggest a 
mechanism for substrate release and transfer from HSP40 to HSP70 (Jin et al., 2008; 
Petrova et al., 2008; Summers et al., 2009). Furthermore, HSP40 proteins can also regulate 
the activity of other chaperones such as HSP90 (Brychzy et al., 2003).  
Members of the HSP70 family play an essential role in the protein synthesis in a 
normal cellular condition, fixing denatured proteins and preventing the misfolding or 
aggregation of proteins (Hartl, 1996; Bukau and Horwich, 1998; Kregel, 2002). The 
HSP70 family composes of several members, including heat-inducible HSP70, constitutive 
expressed heat shock cognate 70 (HSC70), glucose-regulated protein (GRP78) and so on 
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(Kiang and Tsokos, 1998). HSC70 proteins differ from HSP70 proteins in that there are 
introns in the HSP70 gene structure. However, they share common structure features. They 
comprise of 3 domains: the 44-kDa N-terminal ATPase domain, the 18-kDa peptide-
binding domain and the 10-kDa C-terminal substrate-binding domain (Flaherty et al., 
1990; Kiang and Tsokos, 1998).  
HSP90 is highly conserved molecular chaperone contributing to the folding, 
maintenance of structural integrity and proper regulation of a subset of cytosolic proteins 
(Picard, 2002), amounting to approximately 1% of soluble protein in most tissues even in 
the absence of stress (Buchner, 1999). HSP90 also functions as a specialized chaperone for 
a set of signaling protein, including several protein kinase and transcription factors (Pratt 
and Toft, 2003). HSP90, therefore, play an important role in cell growth and 
differentiation, apoptosis, signal transduction and cell-cell communication. Eukaryotic 
HSP90 proteins consist of three domains: the 25-kDa N-terminal ATP-binding domain, the 
40-kDa middle domain and the 12-kDa C-terminal dimerization domain. The N-terminal 
ATP-binding domain connected to a middle domain by a ‘linker’ of variable length and the 
C-terminal dimerization domain provides the binding site for a set of co-chaperone 
molecules that function with HSP90 as part of a dynamic series of multi-chaperone 
complex (Pratt and Toft, 2003). 
The aquatic environment depends on the season, weather condition or human 
activities. Variation in the aquatic environment will have an effect on biological processes 
of aquatic organisms including shrimp such as development, growth, reproductive and 
immune response. HSPs are very important in enabling the aquatic animal to cope with 
variations of the aquatic environment. In recent years, increasing interest has been paid to 
the study of the expression of HSPs in shrimp and most studies have focused on the HSP70 
and HSP90 families. HSP70 genes and their expression have been studied in Chinese 
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shrimp Fenneropenaeus chinensis (Luan et al., 2009), Pacific white shrimp Litopenaeus 
vannamei (Cesar and Yang, 2007; Wu et al., 2008) and black tiger shrimp Penaeus 
monodon (Lo et al., 2004; Chuang et al., 2007), while HSP70 genes and their expression 
have been studied in F. chinensis (Li et al., 2009), P. monodon (Jiang et al., 2009) and 
greasyback shrimp Metapenaeus ensis (Wu and Chu, 2008). In contrast, no reports about 
HSP40 have been found in shrimp. In the present study, HSP40, HSP70 and HSP90 were 
cloned from kuruma shrimp and their expressions were examined by quantitative real-time 
polymerase chain reaction (PCR) after heat shock and white spot syndrome virus (WSSV)-
challenged stresses.    
 
5.3 Materials and Methods 
Cloning of MjHSP40, MjHSP70 and MjHSP90 
The MjHSP40, MjHSP70 and MjHSP90 cDNAs were amplified from a normal 
kuruma shrimp hepatopancreas cDNA library performed in our laboratory. The sets of 
specific primers designed based on the partial cDNA sequences of MjHSP40, MjHSP70 
and MjHSP90 previously identified from our laboratory were used for PCR amplification 
(see Table 1). Moreover, the sets of primers used to amplify MjHSP70 were also designed 
based on the cDNA sequence of kuruma shrimp HSP70 (ABK76338). PCR reaction was 
performed as follows: an initiation denaturation at 95oC for 5 min, followed by 35 cycles 
of 95oC for 30 s, 55oC for 30 s, and 72oC for 1 min and a final extension at 72oC for 5 min. 
After electrophoresis on 1% agarose gel, the PCR products were subsequently purified. 
The purified DNA of PCR products were ligated into the pGEM-T easy vector (Promega, 
USA), and then transformed into Escherichia coli strain JM109. The positive clones were 
screened by colony PCR with M13 forward and reverse primers. The subsequent PCR 
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products were directly sequenced with ABI 3130xl capillary sequencer using BigDye 
chemistry (Applied Biosystems, USA). 
 
Table 1 PCR primers and primer sequences used for amplification of MjHSP40, MjHSP70 
and MjHSP90 cDNAs, quantitative real-time PCR and RT-PCR primers used in the 
experiment 
Primer Primer sequence (5’-3’) Purpose 
HSP40-F1 
HSP40-R1 
HSP40-F2 
HSP40-R2 
HSP40-F3 
HSP40-R3 
HSP40-F4 
HSP40-R4 
HSP40-F5 
HSP40-F6 
HSP70-F1 
HSP70-R1 
HSP70-F2 
HSP70-R2 
HSP70-F3 
HSP70-R3 
HSP70-R4 
HSP90-F1 
HSP90-R1 
HSP90-F2 
HSP90-R2 
HSP90-F3 
HSP90-R3 
HSP90-F4 
HSP90-R4 
EF1-F 
EFl-R 
EFs-F 
EFs-R 
MjHSP40l-F 
MjHSP40l-R 
MjHSP40s-F 
MjHSP40s-R 
MjHSP70l-F 
MjHSP70l-R 
MjHSP70s-F 
MjHSP70s-R 
MjHSP90l-F 
MjHSP90l-R 
MjHSP90s-F 
MjHSP90s-R 
CAAGATGGTGAAGGAAACTG 
ATCTCAAAGATGTCCATGGG 
GTTAAGGATGTCATCCATCAA 
AATGCTAGTTTTCTGTATGCC 
TTCACGCTCTGAGACCCTCG 
CCTCATTGCTCAGGACTTCA 
TTCCCGGGGTCGACCCACGCGTC 
CGTAAGCTTGGATCCTCTAGAG 
GTGGATTCCAGAAGCCTATC 
GTACAAGAACCCTTTCGAGA 
GTATTGATCTGGGAACCACC 
AAGGTCTTCTTGTCGCCCTT 
GTATCTTCGAAGTAAAGTCCA 
TGTAGAAGTCGATACCTTCGA 
GAAGTCACCTTCGACATCGAC 
TCAACTGTCGACTTCATGTTG 
TTAATCGACCTCCTCGATGGT 
GTCCCTGATCATCAACACGT 
ACTGACCGATCATAGAGATG 
ACAGTACATCTGGGAGTCGTC 
TCAGGTACTCGGGGATCAGTT 
AGCTACAAGAAGTTCTACGA 
GCTTCTGGTTCTCCTTCATGC 
ACCATGGGCTACATGGCCGCCA 
CCTTCACAGACTTGTCGTTCT 
ATGGTTGTCAACTTTGCCCC 
TTGACCTCCTTGATCACACC 
ATTGCCACACCGCTCACA 
TCGATCTTGGTCAGCAGTTCA 
TTCACGCTCTGAGACCCTCG 
CCTCATTGCTCAGGACTTCA 
CGGAGAAGTTCTAGACCAAGATGGT 
GTGGGCTTCACCCCTAGGAT 
GTATTGATCTGGGAACCACC 
AAGGTCTTCTTGTCGCCCTT 
TCGGCCGCAAATTCGA 
GAAGGGCCAGTGCTTCATGT 
AGCTACAAGAAGTTCTACGA 
GTCATGTAGATGACCTCGAA 
TCGCTGAATTCCTCAGATACCA 
GCACTCCTTGAGAGAAGACATATCG 
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP40 cDNA sequence  
PCR of MjHSP70 cDNA sequence  
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP70 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
PCR of MjHSP90 cDNA sequence 
Quantitative real-time PCR 
Quantitative real-time PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR 
Quantitative real-time PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR 
Quantitative real-time PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR 
Quantitative real-time PCR 
Quantitative real-time PCR and RT-PCR 
Quantitative real-time PCR and RT-PCR 
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Sequence Data Analysis 
Nucleotide and amino acid sequences were analyzed using GENETYX WIN 
(version 7.0.3) software. Homology analysis and cleavage site prediction were 
accomplished with BLASTP (http://ncbi.nlm.nih.gov/). Conceptual translation was 
performed and the characteristics of the protein were predicted using the ExPASy web 
server (http://www.expasy.ch). The motif was predicted using SMART (http://smart.embl-
heidelberg.de/) (Letunic et al. 2006), and subcellular localization prediction was performed 
on PSORT II sever (http://psort.nibb.ac.jp/form2.html). A multiple sequence alignment 
was created using ClustalW (Thompson et al. 1994). Subsequently, the neighbor-jointing 
phylogenetic tree was generated by MEGA4 software (Tamura et al. 2007).         
 
Expression Analysis after Heat Shock and White Spot Syndrome Virus (WSSV) Challenge 
Experiments 
Apparently healthy kuruma shrimps, each weighing about 10 g, were acclimated to 
a salinity of 30 + 2 ppt at 25oC for 7 days before experimentation, and subsequent heat 
shock treatment was done at 32oC for 3 h. Gills were dissected from three shrimps sampled 
before heat shock treatment as an initial control and at 1 and 3 h after heat shock. After 
this, MjHSP40, MjHSP70 and MjHSP90 mRNA expression levels were examined by 
quantitative real-time PCR. Total RNAs were extracted using RNAiso reagent (TaKaRa, 
Japan) as described in the manufacturer’s protocol. The first-strand cDNAs were 
synthesized from 2 µg of the total RNAs using Moloney murine leukemia virus reverse 
transcriptase (MMLV; Invitrogen, USA). Primer sets for MjHSP40, MjHSP70 and 
MjHSP90 were designed with ABI Primer Express Software version 3.0 (Applied 
Biosystems, USA) as shown in Table 1. Quantitative real-time PCR assays were done in a 
20 µl reaction volume consisting of 5 µl template cDNA (2 µg/ml), 0.4 µl of both forward 
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and reverse primers (10 pM), 10 µl Power SYBR Green Master Mix (Applied Biosystems), 
and 4.2 µl distilled water. Real-time PCR analysis was performed on an ABI7300 real-time 
PCR system (Applied Biosystems) following the manufacturer’s protocol. Expression 
levels were measured by the 2-∆∆CT method (Livak and Schmittgen 2001). Elongation 
factor-1 α (EF-1 α) mRNA levels were used as an internal control. Differences in 
expression were measure by one-way analysis of variance followed by the Tukey 
significant difference test using SPSS 16.0 software. P values < 0.05 were considered 
significant.   
In addition, the MjHSP40, MjHSP70 and MjHSP90 mRNA expression levels were 
also examined after WSSV challenge experiment. Apparently healthy kuruma shrimps, 
each weighing about 10 g, were acclimated to the laboratory condition for 7 days before 
experimentation, and then shrimps were injected with 50 µl of WSSV stock suspension. 
Hemocytes, lymphoid organ and hepatopancreas were collected from three shrimps before 
WSSV challenge experiment as an initial control and at 1, 3 and 5 days post-WSSV 
injection, and total RNA was extracted and pooled together at each sampling time, and 
then the first-strand cDNA was synthesized as described above. RT-PCR was performed to 
analyze the expression profile of MjHSP40, MjHSP70 and MjHSP90 using MjHSP40s-F, 
MjHSP40s-R, MjHSP70s-F, MjHSP70s-R, MjHSP90s-F and MjHSP90s-R (see Table 1). 
EF-1 α was amplified as an internal control using EFs-F and EFs-R (see Table 1). One 
microliter of the first-strand cDNA was used as the template in the PCR amplification. The 
RT-PCR reaction was conducted with an initial predenaturation step performed at 95oC for 
5 min following by 30 cycles of 95oC for 30 s, 55oC for 30 s and 72oC for 30 s, and a final 
extension at 72oC for 5 min. Ten microliters of the amplified products were separated by 
electrophoresis with 1% agarose gel and visualized with ethidium bromide.  
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5.4 Results and Discussion 
Characterization of MjHSP40, MjHSP70 and MjHSP90 Genes in Kuruma Shrimp 
The full-length of MjHSP40, MjHSP70 and MjHSP90 cDNA sequences (GenBank 
accession no. AB520825, AB520826 and AB520827, respectively) from kuruma shrimp 
were obtained by PCR amplification. For MjHSP40, the sequence consists of 1,191 
nucleotides of open reading frame (ORF) encoding 396 amino acids with a calculated 
molecular weight of 44.42 kDa and a theoretical pI of 6.62. The deduced amino acid 
sequence of MjHSP40 contains an N-terminal conserved domain (J domain, aa 5-60), a 
glycine/phenylalanine region (G/F domain, aa 67-96), a central domain containing four 
highly conserved cysteine-rich repeats with a consensus sequence of CxxCxGxG  where x 
is any amino acid (CRR domain, aa 122-207) and a C-terminal domain (C domain, aa 220-
344) (Fig. 1). All DnaJ/HSP40 proteins contain the J domain through which they bind to 
HSP70s (Szyperski et al., 1994; Corsi and Schekman, 1997; Young et al., 2004; Hennessy 
et al., 2005) and can be categorized into three groups, depending on the presence of other 
domains (Qiu et al., 2006). This domain consists of four helices and a loop region between 
helices II and III that contains a highly conserved tripeptide of histidine, proline and 
aspartic acid (the HPD motif, aa 34-36) (Qian et al., 1996) (Fig. 1). Moreover, the amino 
acid sequence of MjHSP40 has a region of approximately 86 amino acids, which included 
the four highly conserved cysteine-rich repeats with a consensus sequence of CxxCxGxG, 
that are present in most type I HSP40 homologs (Cheetham and Caplan, 1998), we, 
therefore, classified it as a type I HSP40 homolog. Type I and type II HSP40s form 
chaperone pairs with cytosolic HSP70 that fold proteins with different efficiencies and 
carry out specific cellular functions (Rudiger et al., 2001; Fan et al., 2004).  
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 Fig. 1 Multiple alignment of deduced amino acid sequences of HSP40 from kuruma 
shrimp and other animals. Identical and similar sites were shown with asterisks, colons or 
dots, respectively. The amino acids were numbered along the right margin. The N-terminal 
conserved domain (J domain), the glycine/phenylalanine rich region (G/F domain) and C-
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terminal domain (CTD domain) are boxed with a solid, dashed and dotted line, 
respectively. The central domain containing four repeats of a CxxCxGxG motif (CRR 
domain) is shown with a gray background. The HPD motif is marked with ***. Mj-HSP40, 
M. japonicus HSP40; Tc-HSP40h, Tribolium castaneus HSP40 homolog (XP_971446); 
Tc-HSP40, T. castaneus HSP40  (XP_966855); Bm-HSP40h, Bombyx mori DnaJ homolog 
subfamily A member 1 (NP_001040292); Bm-HSP40, B. mori HSP40 (BAD90846); Nv-
HSP40h, Nasonia vitripennis DnaJ homolog subfamily A member 1 (XP_001607240); Nv-
HSP40, N. vitripennis HSP40 (XP_001601548); Cq-HSP40, Culex quinquefasciatus 
HSP40 (DnaJ chaperone) (XP_001844792); and Aa-HSP40, Aedes aegypti HSP40 (DnaJ 
chaperone) (ABF18277) 
                                                                                                                                                  
In GenBank BLASTP search, the deduced amino acid sequence of MjHSP40 showed high 
homology with that of other invertebrates: domestic silkworm Bombyx mori 
(NP_001040292, 69% identity), red flour beetle Tribolium castaneum (XP_971446, 64%), 
and jewel wasp Nasonia vitripennis (XP_001607240, 64%). MjHSP40 also had high 
similarities to DnaJ (Hsp40) homolog subfamily A member 1 from human Homo sapiens 
(NP_001530, 66%), heat shock protein 40 from American alligator Alligator 
mississippiensis (BAF94139, 65%), and DnaJ-like subfamily A member 4 from zebrafish 
Danio rerio (XP_689328, 62%). When considering the phylogenetic tree, type I 
DnaJ/HSP40 homolog or HSP40 (which contains a central domain containing four highly 
conserved cysteine-rich repeats with a consensus sequence of CxxCxGxG) and type II 
HSP40 (which contains only a J and G/F domain) were separated and formed two distinct 
branches in the tree. MjHSP40 was clustered with invertebrate DnaJ/HSP40 homologs 
(Fig. 2).   
115 
 Fig. 2 Phylogenetic analysis of MjHSP40 with other known HSP40s. The neighbor-joining 
(NJ) was done with MEGA4 software. A boostrap test of the NJ analysis was conducted to 
evaluate he reliability of each branch in the phylogenetic trees. Each number in a branch 
indicates the percentage of boostrap values estimated from 1000 boostrap replicates. Mj-
HSP40, M. japonicus HSP40; Mj-HSP70, M. japonicus HSP70; Mj-HSP90, M. japonicus 
HSP90; Tc-HSP40h, T. castaneus HSP40 homolog (XP_971446); Tc-HSP40, T. 
castaneusHSP40  (XP_966855); Bm-HSP40h, B. mori DnaJ homolog subfamily A 
member 1 (NP_001040292); Bm-HSP40, B. mori HSP40 (BAD90846); Nv-HSP40h, N. 
vitripennis DnaJ homolog subfamily A member 1 (XP_001607240); Nv-HSP40, N. 
vitripennis HSP40 (XP_001601548); Cq-HSP40, C. quinquefasciatus HSP40 (DnaJ 
chaperone) (XP_001844792); Aa-HSP40, A. aegypti HSP40 (DnaJ chaperone) 
(ABF18277); Dr-HSP40h, Danio rerio DnaJ (HSP40) homolog subfamily A member 1 
(NP_955956); Xl-HSP40h, Xenopus laevis DnaJ (HSP40) homolog subfamily A member 1 
(NP_00108365); Hs-HSP40h, Homo sapiens DnaJ (HSP40) homolog subfamily A member 
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1 (NP_001530); Hs-HSP40, H. sapiens HSP740 (BAA12819); Mm-HSP40h, Mus 
musculus DnaJ (HSP40) homolog subfamily A member 1 (NP_032324); Mm-HSP40, M. 
musculus HSP40 (BAA95672); Am-HSP40, Alligator mississippiensis HSP40 
(BAF94139); and Gg-HSP40h, Gallus gallus DnaJ (HSP40) homolog subfamily A 
member 1 (NP_001012963) 
 
For MjHSP70, a 1,959-bp of ORF which encodes a 652 amino acid polypeptide 
with a calculated molecular weight of 71.52 kDa and a theoretical pI of 5.33 was obtained. 
The deduced amino acid sequence of MjHSP70 was almost same as those registered only 
in the database (GenBank accession no. ABF83607 and ABK76338). The deduced amino 
acid sequences of MjHSP70 also contain HSP70 family motifs and signatures including 
adenosine triphosphate/guanosine triphosphate (ATP/GTP)-binding site, bi-partite nuclear 
localization signal, non-organellar motif, three signatures and conserved EEVD motif. 
MjHSP70 displayed very high homology with shrimp HSP70s from L. vannamei 
(AAT46566, 99%), P. monodon (AAQ05768, 99%), and M. ensis (ABF20530, 97%). 
Furthermore, MjHSP70 also showed high similarities to HSP70 from American lobster 
Homarus americanus (ABA02165, 96%), marbled crab Pachygrapsus marmoratus 
(ABA02164, 94%), and pearl oyster Pteria penguin (ABJ97377, 86%). 
For MjHSP90, the cDNA corresponds to a 2,172-bp of ORF which encodes a 723 
amino acids with a calculated molecular weight of 83.6 kDa and theoretical pI of 4.92. The 
deduced amino acid sequence of MjHSP90 also contain HSP90 family motifs and 
signatures including fives signatures, typical histidine kinase-like ATPase (HATPase) 
domain, GxxGxG motif, and conserved MEEVD motif. MjHSP90 shared high homology 
with HSP90s of other invertebrates: P. monodon (ABM54577, 96%), M. enesis 
(ABR66910, 94%), Chinese mitten crab Eriocheir sinensis (ACJ01642, 90%), honey bee 
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Apis mellifera (NP_001153536, 85%); even with vertebrates: cattle Bos taurus 
(NP_001012688, 84%), African clawed frog Xenopus laevis (NP_001086624, 81%), and 
chicken Gallus gallus (NP_996842, 81%). 
 
Expression Profiles of MJHSP40, MjHSP70 and MjHSP90 after Heat Shock and White 
Spot Syndrome Virus (WSSV) Challenge Experiments 
 In the preliminary experiment, we conducted heat shock experiment at 35oC, and 
all shrimp died within 10 min. Thereafter, we did it at 33oC, and we observed that most of 
the shrimp became moribund. We therefore conducted heat shock experiment at 32oC. The 
expression profiles of MjHSP40, MjHSP70 and MjHSP90 mRNA after shrimp experienced 
heat shock treatment are shown in Fig. 3. At 3 h post-heat shock, the expression of 
MjHSP90 was significantly increased (4-fold) compared with that in shrimp without heat 
shock (P < 0.05), whereas the expression of MjHSP40 and MjHSP70 showed no changed. 
Recently, although the HSP40 expression after heat shock treatment was not studied in 
shrimp, Chirononus riparius larvae HSP40 expression was observed. C. riparius HSP40 
and HSP90 were up-regulated within 1 h of heat shock treatment (Park and Kwak, 2008). 
Likewise, the HSP70 and HSP90 expressions after heat shock treatment were studied in F. 
chinensis, P. monodon and Macrobrachium rosenbergii (Liu et al., 2004; Luan et al., 2009; 
Li et al., 2009; Jiang et al., 2009). Those studies suggested that both HSP70s and HSP90s 
are transcriptionally up-regulated when the temperature is increased. Our results revealed 
that only MjHSP90 showed an increased expression after heat shock treatment, suggesting 
that MjHSP90 may play important role during and after thermal stresses by refolding and 
repairing the denatured proteins. HSP90, hence, can be used as a molecular marker gene 
for temperature stress condition in shrimp. 
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Fig. 3 MjHSP40, MjHSP70 and MjHSP90 relative expressions in gills of kuruma shrimp at 
0, 1 and 3 h after heat shock treatment, examined by quantitative real-time PCR. Each 
group at different time points contains three shrimps. EF-1 α mRNA levels were used as an 
internal control. Data are presented as mean + SD of triplicates. Column bars with asterisks 
indicate values that are significantly different from those on hour 0 (P < 0.05) 
 
Furthermore, the expression profiles of MjHSP40, MjHSP70 and MjHSP90 
mRNAs were also examined after WSSV injection by RT-PCR. The results showed that 
MjHSP40, MjHSP70 and MjHSP90 exhibited increased expression in defense-related 
tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) after WSSV challenge 
compared with initial control (Fig. 4). In the previous research, the expression profiles of 
F. chinensis HSP70 and HSP90 also showed up-regulation after infection with WSSV 
(Wang et al., 2996). Consequently, the expression of MjHSP40, MjHSP70 and MjHSP90 
after WSSV challenge might indicate that MjHSP40, MjHSP70 and MjHSP90 may play 
important roles in immune function of shrimp 
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 Fig. 4 Expression profiles of MjHSP40, MjHSP70 and MjHSP90 mRNAs in defense-
related tissues (i.e., hemocytes, lymphoid organ and hepatopancreas) of kuruma shrimp at 
0, 1, 3 and 5 days post-WSSV injection (d.p.i.), determined by RT-PCR. Each group at 
different time points contains three shrimps. EF-1 α was used as an internal control 
  
In conclusion, HSP40 (MjHSP40), HSP70 (MjHSP70) and HSP90 (MjHSP90) 
from kuruma shrimp were characterized. The transcripts of MjHSP40, MjHSP70 and 
MjHSP90 consist of 1,191-, 1,959- and 2,172-bp of ORF, respectively. The ORFs encode 
396-, 652- and 723-amino acid residues, respectively. A J domain, a G/F-rich region and a 
central domain containing four repeat of a CxxCxGxG motif were found in the predicted 
MjHSP40 amino acid sequence. The conserved signature sequences of HSP70 and HSP90 
gene families were also found in the MjHSP70 and MjHSP90 amino acid sequences. The 
deduced amino acid sequences of MjHSP40, MjHSP70 and MjHSP90 shared high identity 
with the HSP40, HSP70 and HSP90 proteins of invertebrates. The expression profile of 
MjHSP40, MjHSP70 and MjHSP90 mRNAs were also examined after heat shock and 
WSSV challenge treatment. Our results showed that only MjHSP90 mRNA levels were 
sensitively induced by heat shock at 32oC, and MjHSP40, MjHSP70 and MjHSP90 showed 
an increased expression after WSSV injection.  
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